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Preface
With the exception of chapter 1, which is a general 
introduction, this thesis describes original work carried 
out at The Australian National University under the 
supervision of Dr M. Nakagawa (Nov. 19^5 to Nov. 19^7) 
and Dr S. Furui (Nov. 19^7 to Nov. "\ ^ 6 6 ). The work 
presented in chapters 2 and 4 was carried out in collaboration 
with Dr M. Nakagawa; the work in chapter 3 was done by 
the candidate alone. Where it has been appropriate to relate 
this work to that of others, acknowledgement has been 
made in the form of references.
N.N. Trofimenkoff.
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Summary
This thesis consists of a study of non-leptonic hyperon 
decays from the point of view that the weak non-leptonic 
Hamiltonian consists of a product of Cahibbo [1963] currents.
Two calculational methods are employed: one is the current
algebra - PCAC method, that is, the method of using equal-time 
current commutation relations [Gell-Mann, 1962] in conjunction 
with the hypothesis of partially-conserved axial-vector 
current (PCAC) [Gell-Mann and Levy, 196O]; the other is 
the method of treating hadrons as non-relativistic bound 
states of quarks [Gell-Mann, 196^b]. The previous applications 
of these methods to non-leptonic hyperon decays are described 
in chapter 1. Chapter 1 also contains a general introduction 
wherein the phenomenological description of non-leptonic 
hyperon decays is reviewed and the Cabibbo form of the weak 
Hamiltonian is discussed.
Sugawara [1965] and Suzuki [1965] were the first to 
use current algebra and PCAC to obtain sum rules for the s-wave 
amplitudes. Shortly after this, Badier and Bouchiat [1966], 
Hara et al [1966] and Brown and Sommerfield [1 966 ] presented 
calculations of the p-wave amplitudes. Following a description
- V -
in chapter 1 of the usual approach, specifically Brown 
and Sommerfield's, in which the limit of zero pion momentum 
(k — > 0) is taken, the current algebra - PCAC method for 
weak processes involving a pion is reformulated in chapter 2.
In this reformulation the less severe limit k2 — > 0 is taken 
and a prescription for detecting and cancelling out non­
covariant contributions to amplitudes which arise from Schwinger 
terms [Gotö and Imamura, 1955; Schwinger, 1959] is given.
The validity of this prescription is demonstrated by a calculation 
of a matrix element associated with the decay jt — > p + v •
This method is then applied to non-leptonic hyperon decays and 
equal-time commutator and octet baryon pole terms are calculated. 
Insofar that only these terms are considered, the results of 
Brown and Sommerfield are reproduced.
A numerical comparison, as well as an examination of the 
structure of the octet baryon pole terms, shows that a particularly 
good fit to the experimental amplitudes cannot be obtained from the 
equal-time commutator and octet baryon pole terms when SU3
symmetric values are chosen for the coupling constants associated 
with the weak and strong vertices. It is possible to reproduce 
the experimental amplitudes by including contributions from baryon 
resonances in a pole approximation [Chan, 1968]. However, unless 
some criterion for neglecting particular resonances is established, 
almost any set of experimental amplitudes could be reproduced by
- vi
suitably choosing unknown coupling constants associated with the 
resonances.
In chapter 3 an attempt is made to establish the relative 
importance of baryon resonances in non-leptonic hyperon decays.
A dispersion relation formulation of the current algebra - PCAC 
method that has been developed by Okubo elb al [ 1 9^71 and 
Okubo [19^7] is used in this calculation. Following a restatement 
of some of the relevant results obtained by Okubo [1 9 6 7 ]* pion-octet 
baryon intermediate states are considered. The absorptive parts 
of the amplitudes arising from pion-octet baryon intermediate 
states contain pion-octet baryon scattering amplitudes and weak 
non-leptonic amplitudes. A resonance approximation is used for 
the pion-octet baryon scattering amplitudes and, in order to make 
the calculation tractable, an approximation involving the equal­
time commutator and octet baryon pole terms is used for the 
weak non-leptonic amplitudes. The results indicate that 
resonances with JP = jT (JP = ^+) play a more important role in 
s-wave (p-wave) decays than resonances with JP == (JP = \ ) 
but, because of the approximations, no information is obtained on 
the relative importance of resonances other than those with JP s \
In chapter 4 s-wave non-leptonic hyperon decays are studied 
in a non-relativistic bound-state quark model of baryons without 
the use of either current algebra or PCAC. The decays are taken 
to be due to the emission of a pion accompanied by both a
- vii
single-quark and a two-quark transition. Chan [1966] and 
Badier [19^7] had previously considered the single-quark transition 
without specifying the weak non-leptonic Hamiltonian; in this 
calculation the primary Hamiltonian is taken to consist of a 
product of quark currents. The two-quark transition is included 
because the large p-wave amplitude of the decay £+ — > n + 
indicates that, since tc+ emission cannot occur through the 
single-quark transition, the two-quark transition may also be 
important in s-wave decays.
Using assumptions about the structure of the quark bound 
state and the nature of the weak transitions, effective Hamiltonians 
are constructed for the single- and two-quark transitions and 
their matrix elements are evaluated. The sum rules obtained by 
Chan and Badier for the amplitudes due to the single-quark 
transition are reproduced. It is found that the single- and two- 
quark transitions yield amplitudes that satisfy exactly the same sum 
rules as obtained by Sugawara [1965] and Suzuki [19^5 ] who used 
the current algebra - PCAC method. An illustrative discussion of 
the relationship between the two methods is given to show why 
the same sum rules are obtained. A comparison of the calculated 
and experimental amplitudes suggests that the contribution from the 
two-quark transition is substantial.
- viii
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Chapter 1
INTRODUCTION
1. Phenomenological description of non-leptonic hyperon decays
Hie observed non-leptonic weak decays of the A , E and w 
hyperons are
A — > p + it” ,
oA — > n + it ,
+ +E — > n + it ,
_+ oE ——> p + it ,
E* — > n + it” ,
H — > A + jt ,
ä  — > A + n . 0  - i )
Each mode, say a — > 0 + it , can be conveniently represented by 
aj where i is the charge of the initial hyperon and j is the 
charge of the pion. The decay of Q is not considered here so that 
the phrase non-leptonic hyperon decays is used to denote only the 
decays p.l). The phenomenological analysis of these decays has 
been given in the most general form by Lee and Yang [1957]
(also see Cronin and Overseth [19^3])j only a brief summary is 
presented here.
In general, parity is not conserved in the non-leptonic hyperon
decays. Therefore, the amplitude T for the decay a — > 0 + it
with corresponding momenta p — > prt + k and masses M — > M + ma 0 a 0
can be written as
-  2 -
T = ü(ß)[A + Br5]u(a) (1.2)
where A and B represent the parity-violating and 
parity-conserving amplitudes respectively. In order to discuss 
the various experimentally observed quantities it is convenient to 
go to the a centre of mass system. Then T can be expressed as
/E + M \i
T = V S+Po-p0lxa °-5)
is a unit vector in the
direction of pa and S and P , the s- and p-wave amplitudes,P
are related to A and B by
A i (1.4)
W + v (1.5)
where Xg and X^ are Pauli spinors, p
Thus each decay mode can be characterized by the magnitudes of 
S and P and their relative phase.
The magnitudes of S and P and their relative phase can be 
determined experimentally by measuring the decay rate and the 
various components of the polarization of the decay baryon ß .
The decay rate T is given by
-  3  -
i 1 (Mq + Mg)2 -M2a
( | s | 2 + |P |2 ) . (1.6)
I t  i s  u su a l to  in tro d u ce  th re e  param eters de fin ed  by
2Re S*P 
| S | 2  + | p | 2
0 -7)
g rm  S*P 
| S | 2  ♦ | p | 2
0 . 8)
c = IS !2  -  |P l 2  
|S I2  + | P | 2
(1. 9)
a2 + b2 + c2 - (1 . 10)
(the  th re e  param eters a , b and c a re  u s u a lly  denoted by 
a  , ß and y r e s p e c t iv e ly ) . I f  th e  i n i t i a l  hyperon has a
A
p o la r iz a t io n  P in  th e  d i r e c t io n  n , th e  a n g u la r  d i s t r ib u t io n  
o f  th e  decay baryon is  g iven  by
Ke) 1 + a p cos 0a (1 . 11)
where 0 is  th e  ang le  between n and p^ . A lso , th e
p o la r iz a t io n  P o f  th e  decay baryon is  g iven  by 
p
= jJ q J  (a'p3 + P „ [(p 0 .n )p ft + b (p ft x n) + c (p fl x n) x p j )ß ß ~ "  'ß -
0 . 12 )
- 4 -
The meaning of a , b and c in eq. (1.12) can be readily 
seen by introducing a righthanded coordinate system (x,y,z)
with z = pQ , y = n x p_ and x = (n x pQ) x p_ . TheP p p p
components of ? along the coordinate axes are. p
-cP sin0LX
p  -ß,x
a
i(e) 0 .13)
-bP^ sine
P q =ß>y
Q!
i(e) (1 .1*0
a + P^ cos0
p =ß,z
CL
i(e) ' * (1 .15)
Note that if the initial hyperon is unpolarized
Jp = ap^ . (1.16)
Hence, the parameters a , b and c are accessible to 
experimental determination by measurement of the various components 
of the polarization of the decay baryon.
If time reversal invariance is valid the relative phase of 
S and P is determined by the final-state interaction, that is, 
by the phase shifts for pion-baryon scattering at the centre of 
mass energy. Since the phase shifts are small at these energies, 
b ~ 0 if time reversal invariance is valid and, consequently, to 
a good approximation S and P are real relative to each other.
-  5 -
Table 1 contains a summary o f experim entally  determined decay 
r a te s , S and P taken from Cabibbo [1966] (S and P l i s t e d
here are Cabibbo's s -  and p-wave amplitudes d ivided by 
m+ x  _
( —= ) 2 where m is  the mass o f  the charged pions and
Ti ±
Ü = 6.582 x 10”22 MeV-sec). Two values fo r  each o f S and P 
for  E* are l i s t e d .  The f i r s t  values are fo r  c > 0 ; the second, 
fo r  c < 0 (c fo r  E* has not y e t been determined exp erim en ta lly ).
To conclude the phenomenological d escr ip tio n  o f the  
non-lepton ic hyperon decays a b r ie f  summary o f the main fea tu res o f  
th ese decays i s  presented . The decays (1 .1 ) each involve a change 
in  strangeness o f one u n it  (AS = 1) ; decays w ith £& > 1 have 
not been observed. The amplitudes S and P are co n sisten t with 
the assumption th a t the change in  the magnitude o f the iso to p ic  spin  
is  one-h alf ( |A l | = ^) . This phenomenological s e le c t io n  ru le  leads  
to  the fo llow in g  sum ru les  (see , for  example, N ishijim a [19^3]):
A° + A° 
0
•v
0II (1 .U )
E” + *J~2 E+- 0
v+
53 E+ - ( 1 .1 8 )
H° + H"0 - = 0  . ( 1 . 1 9 )
Both S and P for A and E decays are compatible with th ese  
sum ru les (the experim ental r e su lts  fo r  A° and are not l i s t e d
in  ta b le  1 fo r  t h is  reason) and ta b le  1 shows th a t th is  i s  a lso  the  
case for E decays. A lso , both S and B , which i s  re la ted
-  6 -
T able 1. E x p e rim en ta l decay  r a te s  and a m p litu d e s .
decay
E++
E+o
E”
decay r a t e  
X l O ^ s e c “ 1
0 .400  + 0 .0 0 7  
1 .23^  + 0 .020  
1 .23^  + 0 .020
0 . 6o4 + 0.011 
0 .5 7 2  + 0 .0 1 6
S
X 1 0 " 7
+ 3 .3 7  + 0 .0 5  
+ 0 .0 2  + 0 .0 7
-  3 .3 8  +  0.31
- 2.5^ + o.4i
+ 4.o4 + o.o4
-  4 .3 9  + 0 .0 6
p
X 1 0 " 7
+ 1 .2 8  + 0 .0 6  
+ b . o k  + 0 .0 7  
+ 2 . 5 ^  + 0.U1
+ 3 .3 8  + 0.31 
-  0 .0 3  + 0 .0 9  
+ 0 .8 9  + 0 .0 8
-  7 -
to  P by eq . (l.5)> a re  in  re a so n a b le  agreem ent w ith  th e  
sum r u l e ,  c a l l e d  th e  Lee-Sugaw ara sum r u l e ,
2E“ + A° = n/3  £* (1 .20)
( th e  r e l a t i v e  s ig n s  o f th e  A , E and H am p litu d es  g iv en  in  
t a b l e  1 w ere chosen  f o r  b e s t  agreem ent w ith  t h i s  sum r u l e ) . 
F in a l ly ,  t a b l e  1 shows th a t
B(£+) ~ 0 , 
P(zH ~ 0 , 
P(E*) *  S(E")
(1 .2 1 ) 
(1 . 2 2 ) 
0.23)
dom inan tly  
a p p ro x im a te ly
t h a t  i s ,  E i s  dom in an tly  a p-wave decay , E i s
an  s-w ave decay  and th e  p-wave am p litu d e  o f  E+ i s
+
e q u a l to  th e  s-w ave am p litu d e  o f  E
2 . N o n -le p to n ic  H am ilton ian
The known weak p ro c e s se s  can  be c l a s s i f i e d  in to  th r e e  c a te g o r ie s  
depend ing  on th e  p ro p o r tio n  o f  le p to n s  p r e s e n t :  ( l ) p u r e ly - le p to n ic ,
(2) s e m i- le p to n ic  and (3) n o n - le p to n ic .  An im p o rta n t ta s k  i s  to  
d e te rm in e  w h e th e r a l l  th r e e  c a te g o r ie s  can be d e s c r ib e d  in  a u n i f ie d  
m anner. At th e  p r e s e n t  s ta g e  o f  th e  developm ent o f th e  th e o ry  
o f weak in t e r a c t io n s  i t  ap p ea rs  t h a t  th e  p u r e ly - le p to n ic  and 
s e m i- le p to n ic  p ro c e s se s  can be d e s c r ib e d  in  a u n i f i e d  manner,“
-  8 -
however, the situation of non-leptonic processes is not yet clear.
In this thesis several calculations are made in an attempt 
to describe the non-leptonic hyperon decays on the basis of a 
CP-invariant^", current x current, V-A Hamiltonian. The choice 
of this particular Hamiltonian is motivated by the search for a 
universal weak interaction: this type of Hamiltonian has been used
with much success in the description of purely-leptonic and 
semi-leptonic processes. Perhaps the best way of introducing the 
idea of a universal weak interaction is by briefly recounting the 
development of the theory of weak interactions, especially the 
theory of purely-leptonic and semi-leptonic processes (detailed 
history can be found in articles by Nishijima [1963], Marshak [19^7 ] 
and Marshak [1966]). This not only points out the methods that 
have been useful in the study of purely-leptonic and semi-leptonic 
processes, but also gives the basis for choosing the particular form 
of non-leptonic Hamiltonian used here and demonstrates the 
difficulties encountered in non-leptonic processes.
Nuclear ß decay was the first weak process to be observed. 
Following the introduction of the neutrino hypothesis by Pauli 
and the proton-neutron model of nuclei by Heisenberg, Fermi- [193^] 
proposed that ß decay occurs through the current x current 
interaction
CP-violation is ignored in this thesis.
- 9 -
“w = G(’i:p V n ) ' (*eVv} • (K24)
The importance of this proposal is that 3 decay was recognized as 
being due to a fundamental interaction of elementary particles» 
Somewhat later, Yukawa [1935]* in an attempt to explain strong 
interactions and Q decay in a unified way, introduced the meson 
(now the pion) theory of nuclear forces and proposed that Q decay 
occurs via a virtual intermediate state containing the meson:
n ---> p + jt
---> e + v .
Following the discovery of a new particle and the realization that 
it is not Yukawa’s meson, Sakata and Inoue [19^ -6] suggested that there 
are two additional particles, the muon and a particle t) (which can 
now be identified with the muon neutrino), with the basic weak 
interactions being
~— > e + v , it -— > (i + T] .
This scheme could describe qualitatively the weak processes known 
at that time; however, it failed quantitatively because muon 
decay would have to be a doubly-weak process which is in 
contradiction with experimental life-time measurements.
The observation by Klein [19^1 that the coupling constants 
involved in 3 decay, \± capture by protons and p. decay are nearly
10 -
equal in magnitude when direct four-Fermion couplings are taken as 
the interactions led to the suggestion that these processes are 
individual realizations of a universal weak interaction.
Puppi [1 9^ ]  proposed that the pairs of particles (p,n) , (v,e)
and (v,p) interact with each other via the same products of / 
bilinear covariants in the form
Hw (x) * Gif, (x)0»|r2 (x)] • [\f3 (x)0^4(x)] , (1.25)
where 0 represents Dirac matrices, with equal coupling constants. 
However, further studies up to 1956 appeared to exclude the 
possibility that the purely-leptonic and semi-leptonic processes 
are governed by four-Fermion interactions with the same products of 
bilinear covariants.
The discovery of strange particles and the observation of 
their decay modes played a major role in the elucidation of the 
structure of purely-leptonic and semi-leptonic processes. The 
observation that kaons decay into both two and three pions prompted 
Lee and Yang [1956] to suggest that parity is not conserved in 
weak processes. New hope for a universal interaction appeared 
after Wu et al [1957] demonstrated that, in fact, parity is not 
conserved in ß decay. Sudarshan and Marshak [1957] and 
Feynman and Gell-Mann [1958] proposed a CP-invariant, 
current x currenty, V-A structure of the form
-  11
= Jr* [ f ^ O  + r 5H2] • [^ r^O  + r 5h 4) 0 - 6 )
fo r  th e  weak H am iltonian and i t  soon became ap p aren t th a t  
ß , |i and « decays a re  com patible w ith  t h i s  type o f s t r u c tu r e .  
In  o rd e r to  d e sc rib e  a l l  th e  weak p rocesses t h i s  H am iltonian could 
be g e n e ra liz e d  by talcing
change in  s tran g en ess  o f one u n i t .
T es tin g  th e  v a l id i t y  of a 'primary* H am iltonian l ik e  th e  
one given in  eq . (1 .27) i s  com plicated  by th e  c ircum stance t h a t ,  
i f  hadrons a re  invo lved , th e  s tro n g  in te r a c t io n s  can , in  g e n e ra l, 
produce ren o rm a liz a tio n  e f f e c t s .  For t h i s  reason  th e  sem i-lep to n ic  
and n o n -lep to n ic  p ro cesses  a re  in h e re n tly  more complex th an  th e  
p u re ly - le p to n ic  p ro c e sse s . R enorm alization  e f f e c t s  can be expected 
fo r  bo th  th e  v e c to r  and a x ia l -v e c to r  hadron c u r re n ts ;  however, th e  
o b se rv a tio n  th a t  th e  v e c to r  coupling  c o n s ta n ts  in  ß decay and 
H decay a re  n e a r ly  eq u a l led  to  a p r in c ip le  t h a t  ex p la in s  th i s
«W -
0  -27)
w ith  th e  c u rre n ts  ] and 4, having th e  s t r u c tu r e
0 -Ö)
where V and A a re  v e c to r  and a x ia l -v e c to r  c u r re n ts . H ere,
denotes le p to n  c u rre n ts  and . denotes 
in v o lv in g  no change in  s tran g en ess  and
hadron c u rre n ts  w ith
in v o lv in g  a
12
near equality. Feynman and Gell-Mann [1958] (also Gershtein and
Zel'dovich [1955]) proposed that the vector hadron current is
conserved and, consequently, that the vector coupling constants
are not renormalized. On the other hand, the axial-vector hadron
current is not conserved and, until recently, there has been no
general method for calculating the renormalization effects. A
case where the effects of the strong interactions were successfully
calculated is the decay n — > n + v • For this decay Goldberger
and Treiman [1958] managed to calculate a value for the matrix
element (0|A |jt) which gave a decay rate in good agreement with 
M*
the experimental rate. If this matrix element is written as
<0|Ajn) - - ijji , (1.29)
Goldberger and Treiman obtained the result, now known as the 
Goldberger-Treiman relation,
a = g 2_ 
/a Mj, g*
(1.30)
where g is the pion-nucleon pseudoscalar coupling constant,
AG is the neutron ß decay axial-vector coupling constant and 
Mjy is the nucleon mass.
A difficulty with considering the Hamiltonian (l.27) to 
be universal arose when it was found that although the strangeness- 
violating semi-leptonic decays are consistent with a V-A structure 
their decay amplitudes are roughly four times smaller than the
-  13 -
amplitudes of similar strangeness-conserving semi-leptonic decays.
Cabibbo [19^3] handled this problem in an elegant manner within a 
scheme based on unitary symmetry. He assumed that (1) the vector 
and axial-vector hadron currents belong to octet representations of 
SU and that (2) the vector current is in the same octet as the 
electromagnetic current (and, therefore, conserved so that the 
vector coupling constants are not renormalized). Furthermore,
Cabibbo introduced an angle Q such that the semi-leptonic 
Hamiltonian took the form of the relevant portion of the 
CP-invariant, current x current, V-A Hamiltonian
\  “ IT [ ^ o)cos0 + J^sine + y +[ ^ o)cos0 + )sine + y  ;
0 .31)
the strangeness-violating semi-leptonic decays can be suppressed by 
suitably choosing the angle Q . Cabibbo's theory with SU3
symmetric vector and axial-vector coupling constants has been applied 
quite successfully to semi-leptonic processes (see, for example,
Brene et al [ 1 966]).
Choosing SU3 symmetric renormalized axial-vector coupling 
constants as was done in the first tests of Cabibbo's theory is a 
phenomenological procedure in the sense that strong interaction 
renormalization effects are not calculated. Recently a method of 
calculating the renormalized axial-vector coupling constants has been 
developed. In 19^2 Gell-Mann [19^2] proposed equal-time commutation
- l4 -
relations for the fourth components of the vector and axial-vector 
octet currents of the form
- fli3kv|k)(x,t)s(x - £') ,
(1.32)
[ A ^  (x,t),A^ (x',t)] = " fi)5kvik4x,t)8(x - X ’) ,
(1.33)
[ A ^  (x,t),Vp4x',t)] = - fijkA4k4x,t)6(x - X ’) ,
(1.34)
where the superscript j in V  ^ and A ^  denotes the 
component of the octets and the f ^ are the structure constants 
of SU3 , and suggested that these commutation relations could be 
used to calculate the renormalized axial-vector coupling constants. 
Earlier, in order to explain the Goldberger-Treiman relation (1.30), 
Gell-Mann and Levy [19603 had introduced the hypothesis of partially- 
conserved axial-vector current (henceforth denoted by PCAC) 
wherein the divergence of the axial-vector current is related to the 
pion field 9 by
a a (1)d d
nr (i)
& <P
0.35)
Alder [1965] and Weisberger [1965] established a method of using 
PCAC in conjunction with the integrated form of the commutation 
relation (1.33) to calculate the renormalized axial-vector coupling 
constants in terms of meson-baryon scattering cross sections.
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This method has been used (se e , fo r  example, P and it and S chech ter 
P 965])  t 0 c a lc u la te  v a lues o f renorm alized  a x ia l -v e c to r  coup ling  
co n stan ts  th a t  a re  c o n s is te n t w ith  experim ent and w ith  SU3 
symmetry.
In  summary, a reasonab ly  com plete d e s c r ip t io n  o f  th e  p u re ly -  
and sem i-le p to n ic  weak p ro cesses  can be g iven  on th e  b a s is  o f th e  
Cabibbo form (1 .31) of th e  C P -in v a ria n t, c u r re n t x c u r r e n t ,  V-A 
H am iltonian and SU3 symmetry. P u re ly - le p to n ic  p ro cesses  a re  
r e l a t i v e ly  sim ple to  s tudy  because th e  p u re ly - le p to n ic  in te r a c t io n  
is  not renorm alized  by th e  s tro n g  in te r a c t io n s .  In  g e n e ra l , 
ren o rm a liza tio n  o f bo th  th e  v e c to r  and a x ia l -v e c to r  coup ling  co n stan ts  
in  sem i-lep to n ic  p rocesses would be expected . However, i t  appears 
th a t  th e  v e c to r  coup ling  co n sta n ts  a re  no t renorm alized  and th i s  i s  
exp lained  by th e  conserved v e c to r  c u r re n t h y p o th e s is . On th e  o th e r  
hand, th e  a x ia l -v e c to r  coup ling  co n sta n ts  a re  renorm alized  b u t th ey  
can be c a lc u la te d ,  a t  l e a s t  in  p r in c ip le ,  by u s in g  PCAC and c u rre n t 
a lg e b ra . In  view  o f th e  success  o f th e  Cabibbo th e o ry  in  
p u re ly - and sem i-le p to n ic  p ro cesses  i t  i s  n a tu r a l  to  a ttem p t to  
d e sc rib e  th e  n o n -lep to n ic  p ro cesses  on th e  b a s is  o f th e  H am iltonian 
(1 .3 1 ) . Success in  such a ttem p ts  would make t h i s  H am iltonian a 
p la u s ib le  can d id a te  fo r  th e  C P -in v a rian t p a r t  o f a u n iv e r s a l  weak 
in te r a c t io n .
A m ajor d i f f i c u l t y  in  s tu d y in g  th e  n o n -le p to n ic  p ro cesses  is  
t h a t ,  as in  sem i-lep to n ic  p ro c e sse s , th e  s tro n g  in te r a c t io n s  p la y
a role in the weak process. As pointed out earlier, this 
difficulty in semi-leptonic processes has been handled by the 
conserved vector current hypothesis and by PCAC combined with 
current algebra. The situation in non-leptonic processes is more 
complicated since all the particles interact strongly. The choice 
of the appropriate part of the Hamiltonian (l.31) as the non-leptonic 
interaction immediately raises several problems that are intimately 
connected with the strong interactions. One is that, unlike the 
strangeness-violating semi-leptonic decays, the strangeness- 
violating non-leptonic hyperon and kaon decays are not suppressed 
(for example, in the sense defined by Pati and Oneda [19^5])- 
Cabibbo introduced the factor sin Q in the hadron currents of the 
Hamiltonian (l.31) in order to provide for the suppression of the 
strangeness-violating semi-leptonic decays but this factor also 
appears in the non-leptonic portion of the Hamiltonian. Whether 
dynamical enhancement of the strangeness-violating non-leptonic 
decays can overcome the suppression due to the factor sin d is a 
problem that must be explored. Another problem is that the 
non-leptonic protion of the Hamiltonian (1.31) contains a 
I AI I = I as well as a |Al| = J component whereas the non-leptonic 
hyperon and kaon decay amplitudes are in reasonable agreement with 
I AI I =  ^sum rules. Whether there is sufficient dynamical 
suppression of the |Al| = | component to explain this situation 
must be determined. Note that it may be very easy to choose other
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forms o f n g n -lep to n ic  H am iltonians in  which th e se  problems a re  not 
i n t r i n s i c ;  however, th e  sim ple r e la t io n s h ip  between th e  s t ru c tu re  
of th e  p ru e ly -  and sem i-le p to n ic  in te ra c t io n s  and th e  s t ru c tu re  of th e  
n o n -lep to n ic  in te r a c t io n  which e x is t s  in  th e  H am iltonian ( l . 3 l )  
would be l o s t .
In  t h i s  th e s is  s e v e ra l  c a lc u la t io n s  a re  made in  an a ttem p t 
to  d e sc rib e  th e  n o n -lep to n ic  hyperon decays on th e  b a s is  o f th e  
C P -in v a rian t, c u rre n t x c u r re n t ,  V-A H am iltonian ( l . 3 l ) .  The 
p o r tio n  o f t h i s  H am iltonian th a t  is  re le v a n t in  th e se  decays is"f, 
in  th e  form given by Gell-Mann [1964a],
«ML = Jj 0030 Bin0 [Jli l ) [ J ^  + i J ^ ]  + h . c .
0  .36)
In  eq . 0 . 3 6 )
j(«3) _
H \x (1 .37)
where and A ^ a re  v e c to r  and a x ia l - v e c to r  c u rre n ts
M- ^
belonging  to  o c te t  re p re se n ta tio n s  of SU and th e  s u p e rs c r ip t  j
3
denotes th e  component o f th e  o c te t s .  I f  e i th e r  a  m athem atical o r
Whenever th e  H am iltonian (1 .36) i s  w r i t te n  as
- i j ( 2 )]  • [ J ^  + i j ( 5 )]  + h . c .  
i t  is  to  be understood  as
i J ^ ]  • [ j ( 4  ^ + i j ( 5 ) ]  + [ j ( 4 ) + i J ^ 5 ]^ • [ J ^ )  -  i J ^ 2 ^ ] )
+ h . c .
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real fundamental triplet of Fermions * euck as described
by Gell-Mann [196^b] is introduced, and can be written
viJ) " 15 w ' (1.38)
Au} = k 5 VsXjq ' (1.3.9)
where are the 3 x 3 matrices introduced by Gell-Mann [1961,
1 962 ]. Then takes the form
njJL “ cose 8in0[“oV(1 + ^s^o1
x [pQy^0 + r5)X-0] + h.c. 0.^ 0)
3« Calculational methods
3• 1 Factorization and pole model methods 
Factorization (for example, see Pati and Oneda [1965] and 
Hayashi and Nakagawa [1966]) is perhaps the simplest way of using 
the Hamiltonian (1 »36) in the calculation of non-leptonic hyperon 
decay amplitudes. When the Hamiltonian (1.36) is written in 
the abbreviated form
NL Ght j+j > NL |i [i '
this method consists of simply decomposing the matrix element T 
for the decay a — > 3 + jr as follows:
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T = <ß + rt|- iHjj^la)
= - iGNL<ÄlAnl0><ß lVn + An |a> - 0 , t e )
Then eq . ("I .2 9 ) can be used to  w rite
T =  ° N L < e l \  + A J ° >  ( 1 - 4 3 )
and (ßIV + A |a) can be obtained from semi-leptonic decays.
M* f*
However, t h i s  p rocedure y ie ld s  s-wave am plitudes th a t  a re  only 
about 15$> o f th e  ex p erim en ta l s-wave am plitudes and p-wave 
am plitudes th a t  b e a r no resem blance to  th e  ex p erim en ta l p-wave 
am p litu d es .
The H am iltonian (1 .36) can a lso  be used in  co n ju n c tio n  w ith 
pole models o f th e  type  in troduced  by Feldman e t  a l  [1961].
Lee and S w ift [ 196^] have proposed th a t  th e  p-wave am plitudes o f th e  
n o n -lep to n ic  hyperon decays a re  dom inated by th e  o c te t ' baryon and 
kaon po les and th e  s-wave am plitudes by the K p o le s . I f  the  
s tro n g  and weak coup ling  co n sta n ts  a re  a ss ig n ed  SU symmetric v a lu es
O
th e  ex p erim en ta l s -  and p-wave am plitudes can be reproduced when
th e  param eters a s s o c ia te d  w ith  th e se  coup ling  c o n sta n ts  a re  chosen
phenom enologically . However, a c a lc u la t io n  by S akura i [19^7 ]
*
indicates that the s-wave amplitudes obtained from the K poles
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are too small when the factor sin 0 appears in the Hamiltonian1.
On the other hand, calculations hy Biswas eib al [1966], Chiu et al 
[1966] and Hara [19671 indicate that the factor sin 0 must he 
included if the experimental p-wave amplitudes are to he reproduced 
hy the octet haryon poles (since the kaon poles do not contribute 
to the p-wave amplitude of £* it is not expected that the 
kaon poles dominate the octet haryon poles). Whether the non- 
leptonic hyperon decays can he explained on the basis of the pole 
model proposed hy Lee and Swift is not yet clear.
3.2 Current algebra - PCAC method
The successful calculation of the renormalized 8 decay 
axial-vector coupling constant hy Adler [1965] and Weisherger [1965] 
made it attractive to apply current algebra (often denoted hy 
CA henceforth) and PCAC in other situations. Sugawara [1965] and 
Suzuki [1965] were the first to use current algebra and PCAC 
together with the Hamiltonian (1 .36) to obtain sum rules for the 
s-wave amplitudes of non-leptonic hyperon decays that are consistent 
with experiment. Shortly after this, Badier and Bouchiat [1966], 
Hara et al [1966] and Brown and Sommerfield [1966] presented 
calculations of the p-wave amplitudes. A brief outline of
The procedure which led Sakurai to this result yields 
s-wave amplitudes that are very similar to the amplitudes obtained hy 
factorization. It would he interesting to see if this similarity 
extends to K — > 2« decay amplitudes.
Brown and Sonanerfield’s approach is given now to indicate the
methods used in such calculations and to provide a basis for
discussion of the work in this thesis.
3y treating the weak interaction to first order and using a
reduction formula the matrix element T for the non-leptonic
hyperon decay a — > 9 + jt (charge indices are suppressed here)
with corresponding momenta p — > p + k and masses M — > M + m
Ct D Q! 9
can be written as
T =  O  + it I -  1 ^ ( 0 )  |a )
= - J  d4xe‘lkx( □  - a?)<e|T(cp(x),HHL(0)) |a) . (1.44)
Eq. (l .44) is taken to be valid when the pion is freed from 
momentum-conservation and mass-shell constraints. Substitution 
of the PCAC relation (1 .35) into eq.. (1 .44) and integration by 
parts yields
T = a J' d3xe'1^ (a|[Ao (x,0),HNL(0)] |a)
- aik^  I' d4xe"ikxO|T(A^(x),HNL(0)) |a) (1.^ 5)
in the limit k2 — > 0 . On the other hand, T can be written 
in the general form
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T = B(k) + R(k) (1.46)
where B(k) are Born terms arising from the octet baryon 
intermediate states and R(k) is the remainder. By combining 
eq. (1.^5) and (1.46) the result
R(0) = a<ßI[ J d3xAo (x,0),HML(0)] |a)
+ 11m { - aik f d4xe'ikx{ß|T(A (x) , ^ ( 0 ) } |a> - B(k)}
(1.47)
is obtained in the limit k — > 0 . Finally, assuming that
R(k) % R(0) , (1.^)
T is written as
T = B(k) +a[E.T.C. ] + L (1.^9)
where a[E.T.C.] denotes the equal-time commutator term in 
eq. 0*^7)> that is, the first term, and L denotes the limit 
indicated in eq. (1.^7).
The portion B(k) in eq. (1.^9) consists of the usual octet 
baryon Born terms such as calculated by Sugawara [196^] (also see 
Brown and Sommerfield [ 1 966]). The limit L can be calculated
by expanding the second term in eq. (1.^5) in a complete set of 
intermediate states and using the generalized Goldberger-Treiman
relation
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where g is  th e  p ion-haryon p seu d o sca la r and i s  th e
per pa
a x ia l -v e c to r  coup ling  c o n sta n t in v o lv in g  the  baryons p and <j . 
Under th e  assum ption th a t
O i l /  d3xAo ( t 0 ) ,H N£ ( 0 ) ] |a )  = ( &\ [  [
(1 .51)
and in  th e  approxim ation  o f iso sp in  symmetry, th e  term  a [E .T .C .] 
o f eq . ( l .49) can be reduced to  a form in v o lv in g  ex p ress io n s  l ik e
<p|HML|a> • 0 .5 2 )
E xpression  (1 .52) i s  a lso  th e  form o f th e  weak v e r t ic e s  appearing  
in  B(k) and L . In  th e  approx im ation  of SU symmetry th eo
p o rtio n  o f t h i s  ex p ress io n  a r i s in g  from th e  p a r i ty - v io la t in g  p a r t  o f 
van ishes due to  th e  charge co n ju g a tio n  in v a rian ce  o f th e  s tro n g  
in te r a c t io n s .  Then the  s-wave am plitude c o n s is ts  of only  th e  term  
a [E .T .C .] in  eq. (1 .49) whereas th e  p-wave am plitude c o n s is ts  
o f only  B(k) and L . F urtherm ore, th e  ex p ress io n  (1.52) can be 
w r it te n  In  term s o f only  two param eters i f  i t  i s  assumed th a t  th e  
p o rtio n  a r i s in g  from th e  o c te t  p a r t  of i s  dom inant. Brown
and Sommerfield [ 1966] a ttem pted  to  f i t  th e  ex perim en ta l 
am plitudes on t h i s  b a s is  and the  a d d i t io n a l  assum ption o f SU3 
symmetric v a lu es  fo r  th e  p ion-baryon  p seu d o sca la r coup ling  c o n s ta n ts . 
They found th a t  th e  s-wave am plitudes a re  com patib le  w ith  th e  
experim en ta l v a lu es  bu t th e  p-wave am plitudes a re  too  sm all by a
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factor of about two. later, Itzykson and Jacob [19^7] obtained 
better, although still somewhat disappointing results, by including 
the term L which had been neglected by Brown and Sommerfield.
The failure to obtain a particularly good description of the 
non-leptonic hyperon decays on the basis of eq. (l .49) prompts 
an investigation of the assumptions made in deriving this result. 
The assumption that
R(k) ~  R(0) (1.53)
is briefly examined now. Consider one of the numerous baryon 
resonances of low mass, for example, a non-strange J resonance 
of mass . In the Born approximation the contribution to 
R(k) of eq. (1.46) by such a resonance is of the form
R(i',k) ~ üß
ir • (p? + k) - Mr
+ (pß + k)2
(1 .5*1)
where T =  1 for the s-wave and T —  y5 for the p-wave 
amplitude. The change in R(J ,k) as k is taken from the 
physical value k = - p^ to k =  0 can be characterized by
the ratio
r(i")
R(F,k = pa - p3) 
R(i*,k = 0)
ss (1 -55)
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From eq. (1.5*0 it is easily seen that
r8 (i ) + Ma
(1.56)
for s- and p-wave amplitudes respectively, 
resonances with masses as low as 1500 MeV , 
r (£") are not near unity and, consequently,
(1.53) cannot be valid unless the contributions from these 
resonances are very small or unless there is some peculiar combination 
of contributions from the various resonances such that the sum 
satisfies the approximation. Therefore, it is desirable to remove 
the assumption (1.53).
In chapter 2 of this thesis the CA-PCAC method for weak 
processes involving a pion is reformulated on the basis of taking 
the limit k2 — > 0 rather than the limit k — > 0 . The
motivation for this reformulation is that, as pointed out in the 
preceding paragraph, the assumption R(k) ~ R(0) may not be valid.
The starting point for this reformulation is essentially eq. (l.*+5); 
that is, the matrix element for the general weak process 
a — > ß + it is written as
Since there are h
r (|- ) and especially
+ V\ci orrnrnvImotiAn
T = a f d3xe‘l!“ (3|[Ao (x,0),Hw (0)] |a)
- a i k d4xe‘lluc<ß|T(A(i(x),Hw (0)) |a) (1 -57)
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in  th e  l im i t  k2 — > 0 . I t  i s  assumed th a t  eq u al-tim e  
commutation r e la t io n s  of th e  form
= - f  j ( k ) (x ,t)S (x  - x ')  + S^1’ ^  ,
0 .5 8 )
■where j  is  an a p p ro p ria te  v e c to r  o r  a x ia l -v e c to r  c u r r e n t ,  a re  v a lid . 
In  eq. (1 .50) denotes p o ss ib le  Schwinger term s which a re
p ro p o r tio n a l to  space d e r iv a t iv e s  o f ö(x  -  x ')  j t h e i r  presence  
was f i r s t  noted by Got6 and Tmamura [1955] and Schwinger [1959]»
Then i t  is  unnecessary  to  ta k e  th e  l im i t  k — > 0 in  eq . (1 .57) 
in  o rd e r to  o b ta in  an equ a l-tim e  commutator term  no t in v o lv in g  k ; 
such a term  a r is e s  because o f ö(x - x ' ) in  eq. (1 .5 8 ) . However 
th e  Schwinger term  gives r i s e  to  a n o n -co v a rian t c o n tr ib u tio n  to  th e  
am plitude and th i s  c o n tr ib u tio n  must be e lim in a te d . A p re s c r ip t io n  
fo r  i s o la t in g  and removing th i s  no n -co v arian t p o r t io n , once an 
e x p l i c i t  ex p ress io n  fo r  th e  second term  in  eq . (1 . 51) i s  o b ta in e d , 
i s  p rov ided . That t h i s  p r e s c r ip t io n  i s  reaso n ab le  i s  dem onstrated  
by a c a lc u la t io n  of a m atrix  elem ent t h a t  is  encountered  in  th e  
decay n — > p + v .
This form ulation based on the l im it  k2 — > 0 i s  then applied  
to  non-leptonic hyperon decays. The second term in  eq. (1 .57) i s  
ca lcu la ted  in  a Born approximation wherein only o c te t  baryon 
interm ediate s ta te s  are included. This Born approximation sind 
the equal-tim e commutator term reproduce the r e su lts  o f the usual 
method based on k — > 0 . An argument is  presented to  show th at a
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very good fit to the experimental amplitudes is unlikely when 
SU3 symmetric values for various parameters in the equal-time 
commutator and Born terms are used; an explicit numerical 
comparison bears out this claim. It appears that higher 
configuration intermediate states must be included in the 
calculation of the second term of eq. (1.57) and /.or SU symmetry- 
breaking effects must be introduced. The formulation presented in
chapter 2 can be used to calculate the contribution of baryon 
resonances in a Born approximation. However, unknown parameters 
would have to be introduced to describe the vertices associated with 
the resonances. Since there are numerous baryon resonances of low 
mass almost any set of experimental amplitudes could be fitted by 
suitably choosing these parameters. For this reason such a 
calculation is not attempted. In fact Chan [1968] has used 
practically the same method to obtain a very good fit to the 
experimental amplitudes by including only the decuplet and 
A(l405) resonances; however, there seems to be no strong argument 
for neglecting all the other baryon resonances. It is desirable 
to establish some criterion for retaining or neglecting particular 
resonances.
5-3 Current -algebra-PCAC method and baryon resonances
In chapter 3 an attempt is made to determine which baryon
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resonances can be expected to give substantial contributions to 
the non-leptonic hyperon decay amplitudes. A formulation of the 
CA-PCAC method that has been developed by Okubo [1967] is used 
in this calculation because it is more convenient. In Okubo's 
formulation the matrix element T for hyperon decay into zero 
mass pions is written as
T = u^[T1 + T2r5 + iy k(T3 + T4r5) ] uq , (l .59)
where the Ti are invariant functions of momenta, and dispersion
relations in s =  - (p + k)2 at fixed t = -(p - p )2 = 0p a p
of the form
s - M2 r 00 A (s * )ds1 
’ (3) = a[E.T.C.] + ----- 2 / ----- ^ -------
1 JZ It -00 (s' - M2 ) (s' - s - ie)
0 (1.60)
T3 4<S> = 7 / ^ -------  >
3 J -00 s' - s - ie
0.61)
where Ai (s) is the absorptive part of T ^ s )  , are employed. 
Insofar that only the equal-time commutator and octet baryon 
pole terms are included, this formulation reproduces the results 
obtained in chapter 2 and also the results obtained by the usual 
calculation (Brown and Sommerfield [1966]) based on the limit 
k — > 0 .
In chapter 3 pion-octet baryon as well as octet
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baryon in term ediate s ta t e s  are included  in  the c a lc u la t io n  o f  th e  
A^(s) fo r  the d isp e r s io n  r e la t io n s  (1 .60) and (1 .6l ) .  This g iv e s  
the A^(s) in  terms of pion-baryon p a rtia l-w a v e  s c a t te r in g  
am plitudes, which are approximated by some reson an ces, and the  
n o n -lep to n ic  hyperon decay am plitudes th a t are b ein g  c a lc u la te d .
The assum ption i s  made th a t the a b so lu te  va lu es o f th e  n o n -lep to n ic  
hyperon decay am plitudes which appear in  the A^fs) can be 
approximated by the a b so lu te  v a lu es  o f th e  eq u al-tim e commutator 
and o c te t  baryon p ole term s. Then th e in te g r a ls  in d ica te d  in  
the d isp ers io n  r e la t io n s  (1.60)  and ( 1 . 6 l ) are ev a lu a ted .
Because o f  th e  approxim ations made in  th e c a lc u la t io n  no 
estim a te  o f th e  importance o f  th e  d ecu p let resonances i s  ob ta in ed ; 
however, some in form ation  about J r  = j? resonances i s  o b ta in ed .
In p a r t ic u la r , th e  r e s u lt s  in d ic a te  th a t  baryon resonances w ith  
JP *  ^ ( j P = p lay  a more important r o le  in  s-wave
(p-wave) decays than resonances w ith  = |r+ (JP = .
3 .^  N o n -r e la t iv is t ic  quark model method fo r  s-wave decays
In 196^ Gell-Mann [ 19^ ^ a ]  poin ted  out th a t th e  eq u a l-tim e  
commutation r e la t io n s  (1 .32) to  (1 . $ h )  could  be ob tained  by sim ply  
a b str a c tin g  from a f i e l d  th eory  model in  which th e  b a s ic  e n t i t i e s
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are three Fermions, called quarks, with non-integral charges and 
baryon numbers and spins of one-half. This led to the 
consideration of non-relativistic bound-state models of hadrons in 
which baryons are constructed from these quarks and mesons from 
quark-antiquark pairs (for example, see Dalitz [19^5]) and the 
application of these models, with reasonable success, to decay 
processes (for example, see Van Royen and Weisskopf [1967]).
There seems to be an interesting feature in the theory of hadrons 
in that both the CA-PCAC method and the method of considering 
hadrons as non-relativistic bound states of quarks have yielded many 
good, and often similar, results. Specifically in the theory of 
s-wave non-leptonic hyperon decays, it is interesting to compare 
the results obtained from the equal-time commutator term.in the 
CA-PCAC method with those obtained by Chan [1966] who used a non- 
relativistic quark model. On the one hand, the equal-time commutator 
term yields sum rules that are consistent with experiment and the 
result that the decay £* is caused by only the |£I | = | part 
of the Hamiltonian (1.36). The |£I | = i and Lee-Sugawara sum 
rules with £+ = 0 (see eq. (1.17) to (1.20)) are obtained when
T
octet dominance is assumed. On the other hand, Chan [1966]
(also see Badier [19^7]) has proposed a theory based on a non- 
relativistic quark model of baryons in which the s-wave decays are 
due to the emission of the pion by a single quark. In this theory
•j“the decay E+ is forbidden and sum rules relating amplitudes which
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invo lve a pion o f  common charge a re  ob ta ined  independen tly  o f 
th e  s t ru c tu re  of th e  H am iltonian. The |AI | = J  and
Lee-Sugawara sum ru le s  a re  o b ta ined  when th e  |AI | = i ru le  i s
assumed a t  th e  quark le v e l .
In  c h ap te r 4 of th i s  th e s i s  th e  n o n - r e la t iv i s t i c  quark model 
method o f c a lc u la t in g  th e  s-wave am plitudes i s  extended and th e  
r e s u l t s  a re  compared to  th o se  o b ta in ed  from th e  equ a l-tim e  
commutator term . The fo llow ing  q u estio n s  m otivated  t h i s  e x te n s io n :
(1) What is  th e  c o n tr ib u tio n  from th e  m u lti-q u ark  t r a n s i t io n s  
accompanying th e  em ission o f th e  pion? The im portance o f such
t r a n s i t io n s  l i e s  in  th e  p-wave decays. The p u re ly  p-wave decay
£* can never a r i s e  through th e  s in g le -q u a rk  t r a n s i t io n ;  th e r e f o r e ,  
i t  may be expected th a t  th e  m u lti-q u a rk  t r a n s i t io n s  a lso  c o n tr ib u te  
s u b s ta n t ia l ly  to  the  s-wave am p litu d es . (2) How can th e  
IAI I = sum ru le s  be ob ta ined  i f  th e  H am iltonian (1 .3 6 ) , which 
has a IAI I = |  component, i s  th e  prim ary  in te ra c t io n ?
In  th e  e x ten s io n  o f th e  n o n - r e la t iv i s t i c  quark model method 
made in  c h ap te r h, th e  tw o-quark t r a n s i t i o n  is  included  in  a d d itio n  
to  th e  s in g le -q u a rk  t r a n s i t io n  (th e  th re e -q u a rk  t r a n s i t i o n  i s  d iscu ssed  
b r i e f l y ) .  E f fe c t iv e  H am iltonians f o r  th e se  t r a n s i t io n s  a re  co n stru c te d  
by u sin g  th e  symmetry p ro p e r t ie s  o f th e  H am iltonian (1.4o) and some 
assum ptions about baryon s t ru c tu re  and th e  dynamics o f th e  
t r a n s i t io n s .  I t  is  found th a t  th e s e  e f f e c t iv e  H am iltonians y ie ld  
e x a c tly  th e  same sum ru le s  as th o se  o b ta in ed  from th e  eq u al-tim e
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commutator term in the CA-PCAC method; an illustrative 
discussion is given to show why this happens. Also, a necessary 
and sufficient condition for the suppression of the s-wave
4.amplitude of is found. Furthermore, the results suggest that
the contribution of the two-quark transition to the s-wave 
amplitudes is substantial.
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C hapter 2
REFORMUIATION OF THE CURRENT ALGEBRA-PC AC METHQpt 
1. Summary
In  th i s  c h ap te r  we re fo rm u la te  th e  CA-PCAC method, paying 
c lo se  a t t e n t io n  to  Schwinger te rm s, fo r  weak p ro cesses  in v o lv in g  
a pion on th e  "basis o f ta k in g  th e  l im i t  k2 — > 0  on th e  whole 
am p litude .
In  s e c t io n  2 we d iscu ss  Schwinger term s in  th e  equal-tim e 
commutators of v e c to r  and a x ia l - v e c to r  c u rre n t d e n s i t i e s .  We 
a llow  q-number Schwinger term s as was suggested  by Johnson and 
Low [19^6] bu t make th e  assum ption th a t  th e  o n c e - in te g ra te d  
commutator has th e  s t ru c tu re  o f th e  u su a l can o n ica l commutation 
r e la t io n s .  This assum ption may be v a l id  in  view o f th e  many 
successes in  th e  a p p l ic a t io n  o f c u r re n t a lg eb ra  o f  th i s  ty p e .
N ote, however, t h a t  acco rd in g  to  Johnson and Low [1966] th e  v a l id i ty  
of th i s  assum ption depends on th e  s tro n g  in te r a c t io n s  of th e  f i e ld s  
involved in  th e  c u r re n ts .
In  s e c t io n  3 we propose a  p rocedure fo r  d e te c t in g  th e  
n o n -co v arian t c o n tr ib u tio n  to  th e  am plitude coming from the  Schwinger
The main p a r ts  o f s e c tio n s  5 and 6 were p re sen ted  a t  th e  Summer 
Research I n s t i t u t e  h e ld  a t  th e  A u s tra lia n  N a tio n a l U n iv e rs ity , 
C anberra, January  - February , 19^7»
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terms and give a prescription for cancelling out these contributions 
once we have an explicit form for the part of the amplitude 
excluding the portion arising from the equal-time commutator.
By this prescription we obtain a covariant expression for the 
decay amplitude. We also give a method of calculating the 
contribution from the equal-time commutator in terms of the 
amplitude excluding the portion arising from the equal-time 
commutator.
We apply this method to the semi-leptonic decay n — > jjl + v 
in section 4 to illustrate the cancellation of the non-covariant term 
arising from the current commutator by a non-covariant part of the 
spectral representation of the vacuum expectation value of a time-ordered 
product of axial-vector currents.
In section 5 we apply this method based on k2 — > 0 to 
non-leptonic hyperon decays and show that intermediate-state 
configurations other than octet baryons can be incorporated, thus 
illustrating the advantage of this method. We calculate the 
contribution from the octet baryons explicitly and get exactly the 
same results as obtained by the usual calculations based on taking 
the limit k — > 0 . In section 6 we discuss these results and 
give an explicit numerical comparison of the calculated and
experimental amplitudes.
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2. Schwinger terms in equal-time commutators
For the equal-time commutator of the vector and axial-vector 
currents we take the general form
[ j f  ( x ) , ^ }(y)]6(xo - y o) = s ^ s)(x,y) + Q<“’6)(x,y)
(2.1)
where (x,y) denotes all the terms symmetric in aß
(this consists of c-number and/or q-number terms), Q ^ ,0^(x,y)
denotes all the terms anti-symmetric in aß (this consists of only
(a)q-number terms) and j ' is either a vector or an axial-vectorh
current. In this section we confine our arguments to SU^ currents 
the extension to SU3 currents is simple but unnecessary for our 
present purpose.
Using the method given by Okubo [1966], we now calculate the
vacuum expectation value of in the commutator of axial-pv
vector currents. As a spectral representation of the vacuum 
expectation value of a product of axial-vector currents we have, 
following the standard method of Lehmann [195^]>
(a)<0|A^' (x)A;p'(y)|0> = — —  f do2 f d^L Jkja2)
08 (2n)sJ0 J
X 6(k2 + t^JeCk )elk x^'y  ^ (2.2)
with
L (kj a2)pVv * (k k -6 k2)p(cr2) + k k p , ( o 2)p v pv p v^b (2.3)
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where pa and a re  in v a r ia n t  s p e c t r a l  fu n c tio n s  euch th a t
Pa (o£ ) ä o ,  p ^ o 2 ) ä 0 • (2 »
By u s in g  eq. (2 .2 ) we g e t
<0|[Ai[a ) ( x ) ,A ^ ) (y )] |0 > 5 (x o - yQ)
where
= -ida0 I d^L (idjo^Afx - y;o2 )s(xQ - yQ)
" 0 (2 .5)
A(x -  y , t ? )  = — -—  f  d'htSCk2 + c^JeOt )e ik x^“y^
(2n)a J  °  (2 . 6 )
and 6 means a d e r iv a t iv e  w ith  re s p e c t to  x . Then f o r  p. = 4 
we have
i ( o | [ A ^  ( x ) , A ^  (y)]  |0 ) 5 ( x o -  yQ)
= 8a ß / n do2{Pa (o2) + Pb(o 2 )56(xo -  yo ) 2.63 ( | .x- .X) 
°  (2 .7 )
where iAQ = A4 . On th e  o th e r hand, by ta k in g  th e  vacuum 
e x p ec ta tio n  va lue  of eq. (2 .1 ) fo r  a x ia l - v e c to r  c u rre n ts  we g e t
( 0 | [ A f ) (x),A ^f5)(y )] |0 > 5 (x o -  yQ) = 5 ^ ( 0 [ S ^ ( x ,y )  |0 > (2 .8 )
where we have s e t
< 0 |S ^ ’ ß ) (x ,y ) |0 >  = 8a ß < 0 |S ^ ( x ,y ) |0 )  . (2 .9 )
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Hence, by comparing -eg.. (2.8) with eq. (2.7) we obtain
<0|S^(x,y)|0) = 0, (2.10)
<0|S^(x,y)|0> = -iCAS(x0 - y0)
V (2 .11)
where
CA = jT do2 (pa (o2) + ^ ( 0 ^ ) )  . (2.12)
In view of eq. (2.4) this result means that the Schwinger term 
symmetric in aß must not be put equal to zero unless the spectral 
functions pa and p^ vanish identically.
At present there is no general means of obtaining the 
explicit forms of q-number Schwinger terms. Nevertheless, 
following the suggestion of Johnson and Low [1966] we assume the 
presence of these terms. We write * \x )Y) of eq. (2.1) as
Q (a,e)
^OV (x,y) ieaßrJv (y)54(x - y) + R (a>ß)ov (x,y)(2.13)
and assume that the once-integrated commutation relations
[jT d3x^a)(x),^3)(y))6(xo - yo) = (^ 5(xo ' yo)
(2.14)
are valid (when commutation relations for SU currents are3
required eq. (2.13) and (2.14) are extended by simply changing 
eaßr > the structure constants of SU ) . This
assumption is equivalent to imposing the conditions•
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f d3xS^“’0)(x,y) = 0 , (2.15)
J d3x R ^ ’s)(x,y) = 0 . (2.1 6)
Furthermore, if we assume that S
3 nvi and Rmi can be expressed aso  ov
s£’3)(x,y)
we have
S T  $o“;f (x'y) = 0 ’ (2’19)1
J- <x>y) - 0 ’ t2-20)
as the differential forms of these conditions. Evidently the 
result eq. (2.11) is compatible with these conditions.
Following the method of Bjorken [1 9 6 6 ], we now construct a 
spectral representation of the vacuum expectation value of a time- 
ordered product (T-product) of axial-vector currents which is used 
in section We define the T-product of axial-vector currents by
T ( A ^  (x),A^ (y)) = e(xQ - yQ) A ^  (x)A^ (y)
+ e(yQ - xo)A^B  ^(y)A^ (x)
(a,9)/_ vl 55s(x - ?) 
ov,i (x,y; ' (2.17)
(2.18)
(2 .2 1)
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and c a l l  th e  c o v a r ia n t  p a r t  a T -p ro d u c t. Then from e q . (2 .2 1 ) 
and (2 .22 ) we ta k e
(o |¥ (A ^°^  (x) , A ^ ) (y ) ) | o) = 8 a ß / “a ß J 0 |ivd c ^ L ^ f i d ^ J ^ f x  - yja2 )
(2 .2 2 )
where
Ap(x - y ;a2 )
(2*)'
d * k
ik (x -y )
k2 + a2 - i e
(2.23)
We d e f in e  F o u r ie r  components o f th e  vacuum e x p e c ta t io n  v a lu e s  o f th e  
T- and T -p ro d u c ts  by
(k) = i d 4x(0 |T (A ^a )  (x ) ,A ^ 3) (0 ))  | 0 ) e ' lkx  , (2 .2k)
(k) = i  1 d 4x(0 |T (A ^a )  (x ),A ^ß) (0))|0>e*lkx  . (2 .25)
From th e  ex pansion  in  in te rm e d ia te  s t a t e s
a^ ' p) (k) - (2 « )3 ^  ^ 0  1 ^ °^  (0) | n ) {n |A ^ ^  (0) |0 )
- g )  ■ (o[Af  ( 0 ) | n ) ( n | A ^ ( 0 ) | 0 )
k -  p v '  + i e  [Lo o
63 ( $ (n )  + g )
k + -o o
(2 .26)
we g e t ( fo r  f ix e d  k)
=  0 (2.27)
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On the other hand, A^a>^  (k) * |iV '
since, from eq. (2.22),
does not satisfy this condition
^  (k)o
-ba0Jn l'V*v (2 .20)
where tj is a normal dependent vector,
•n = (0,0,0,i)V \x (2.29)
Then from eq. (2.27) and (2.28) we get
ß(a >ß) (k) 
pv v ^(^ß)(k) _ lim, A ^ ,ß^(k,k ) uV uV o
I L </k;a2) ■)= 8.„ / do2-! -i±--------- +(nuTiv + 6^v)pa(oe) + ti^vPb(o*)|-
(2 .30)
aß, k2 + o2 - ie
As pointed out by Bjorken [1 9 8 8 ], the presence of the normal 
dependent terms is due to the fact that the T-product is not a 
Lorentz covariant quantity (also see Johnson [1981]). The form 
of the normal dependent terms can also be confirmed by keeping a 
derivative form for L in eq. (2.2) and then exchanging the 
9-functions with the derivatives.
3 . Schw inger term s in  weak p ro c e s se s  in v o lv in g  a p io n
We w r i te  th e  PCAC r e l a t i o n  (l .35) in  th e  form
V ! C)W  = - 2 % (C)M  (2.3DM- P a
where (x) i s  th e  f i e l d  o p e ra to r  f o r  th e  p io n  w ith  charge
c and mass m and
A(±) __ A( i )  + -jj f^e) A(°) = *J~2 pS3  ^ .
p P P P p
To f i r s t  order in  the weak in te r a c t io n  th e m atrix elem ent
(c)a gen era l process a  — > ß + rt can be w r itte n  as
(2 .32) 
T f o r
T $ ,k o ) = <ß + n ( c , (k) |  -  i i y c O l a )
= -  f  d'Sce'11“ ^ □  -  m2 ) < e |T (cp ^  (x ),H „ (0 )) |a>J W (2 .3 5 )
by u se  o f a  r e d u c t io n  fo rm u la .
We ta k e  eq . (2 .33 ) to  be v a l id  when th e  p io n  i s  f r e e d  from  i t s  
m om entum -conservation and m a s s - s h e l l  c o n s t r a i n t s .  Then by u s in g  
th e  PCAC r e l a t i o n  (2 .3 1 ) and in t e g r a t i n g  by p a r t s ,  d ro p p in g  
t im e -s u r fa c e  term s as  p re s c r ib e d  by N ata f [ 19^ 7 ]^ we g e t
k2 + msT (k ,k  ) =  a
°  „2
j  f d 4xe‘ lkx(ß |[A ^ c ^ (x ),H w( 0 ) ] |a ) B ( x o )
- f  d4x e ‘ l!“ ( ß |T ( A ^  (x ) ,
(2 .3 1*)
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We define two matrix elements relevant to T by
to (£,0) = f' d4xe“lkx<ß| [ A ^  (x),iiw (0)] |a>5(xo) , (2.35)
t1 (£^k0) = "ik^ u/" d4xe“lkX(ß|T(A^ (x^H^O)) |a) . (2.36)
Note that t involves no k variable because of fi(x ) .0 0  ov o '
(c)The equal-time commutator of (x) and the currents in
the Hamiltonian in t involves a term accompanied by 53 (x) 
arising from the first term in eq. (2 .13)* This gives rise to 
the usual equal-time commutator contribution (we denote it by 
[E.T.C.]) to T . However» because of the presence of c-number 
and/or q-number Schwinger terms in the equal-time commutator there 
will generally be another contribution from t . In general, 
this contribution is not covariant and must be made covariant or 
eliminated from the matrix elements for physical processes. We 
do not have the means of calculating the explicit form of this 
abnormal contribution within the framework of standard quantum 
field theory. Instead, we present here a method of singling 
out the abnormal contribution once we have an explicit expression 
for t of eq. (2.36) obtained by, say, a dispersion relation 
technique or any other method. We then give a prescription for 
combining this contribution with to obtain a covariant
expression for the matrix element. Our method of singling out
the abnormal contribution is essentially an extension of the work 
of Bjorken [1966].
-  h l  -
Taking in to  account th e  abnormal term , we have
t Q(k,0) = (ßI [ j  &3 xA q C  ^ (x , 0 )  ,H^(0)  ] |a) + <ß |X (k ,0 )  |a)
where X  and K denote th e  abnorm al term s a r i s in g  from the  
equal-tim e commutator in  eq. (2.35)» The term  [E .T .C ,] is  
independent of k and is  m a n ife s tly  c o v a rian t w ith  re sp e c t to  th e  
Lorentz tra n s fo rm a tio n . On the  c o n tra ry , th e  term  K depends 
on k b u t not kQ and is  not c o v a r ian t s in c e , d i r e c t ly  from
Note th a t  th e  covariancy  of [E .T .C .] i s  guaran teed  by th e  
co n d itio n s  g iven  in  eq . (2.15) and (2 . 16 ) .  On th e  o th e r  hand, by 
making an expansion  over in te rm ed ia te  s ta t e s  we have
= [E .T .C .] + K (k,0)
(2.37)
(2 . 38)
eq. (2 .3 5 ) ,
lim  t  (k ,0 ) =
£*> °
[E .T .C .] (2.39)
<°)|n><n|Hw(Oj|a >
- < ß |y o ) |n ) ( n |k A ^ c ) (0) |a)
“o '
(2.40)
From eq. (2.4-0) we gef
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llmk (k’ko}
O'
= -(2k )3) j(ß|A(|c)(0)|n)(n|Hw(0)|a>53(p(n) - p(3) - k)
-<01^(0) |n)(n|A^ c)(0)|a>53(p(tl) - p(öJ - ft) j
=  - J d4xe'lkx<$|[A^c)(x),Hw (0)]|a)8(xo) (2.4l)
which means that
^  t, (k,k0) = -to (k,0) . (2.42)
o
Thus we obtain
K(£,0) = -lin^ ^ oti (Ic,kQ) + lim^ £lj^  >00M ^ ko ^  (2.43)
o k>o o
which is an expression for K(k,0) in terms of t^  .
The expression (2.43) gives us a method of determining K 
once the matrix element t1 is calculated explicitly. If we get 
a non-zero result for K by using eq. (2.43) we take
t,(k,k ) = -k (£,o ) + t;(£,o) (2.44)
where t-,’(k,kQ) is covariant and reduces to - [E.T.C.] in the 
limits lim flim. % t,‘(k,k )) . Then by adding t (k,0) of
K  --00  I O Ok>o o
eq. (2.38) to t^  (k,kQ) we get a covariant expression for T .
To get the correct result tl (k,kQ) should be calculated in each
order of particle configuration in intermediate states without
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chang ing  k and kQ to  o th e r  v a r ia b le s  b y , s a y , th e  use  o f 
o v e r a l l  momentum c o n s e rv a t io n  p re s c r ib e d  o u ts id e  th e  t 1 te rm  in  
th e  S -  m a tr ix .
Note t h a t  th e  l im i t in g  p ro ced u re  in  eq . (2 .4 5 ) i s  q u i te  
d i f f e r e n t  from  th e  p ro ced u re  in  o th e r  CA-PCAC m ethods. In  
n o n - le p to n ic  hyperon  dd cay s, f o r  exam ple, th e  method developed  
by Okubo [1967] s u f f e r s  from  an am b ig u ity  in  th e  l i m i t  
l i m ^ ^ . t . j C k )  because  o f v a n ish in g  d en o m in a to rs ; no such  
am b ig u ity  a r i s e s  h e r e .  The l im i t in g  p ro ced u re  used  h e re  i s  a ls o  
l e s s  r e s t r i c t i v e  th a n  th e  p ro ced u re  in  th e  u s u a l  CA-PCAC method 
o u t l in e d  in  s e c t io n  5 o f c h a p te r  1 in  th e  sen se  t h a t  c o n f ig u ra t io n s  
in  th e  in te rm e d ia te  s t a t e  o th e r  th a n  o c t e t  baryons can be 
in c o rp o ra te d .
4 . K — > u + v decay and th e  Schw inger te rm
We c o n s id e r  th e  decay n+ — > + v to  g iv e  an  exam ple
o f a c a lc u la t io n  in  which a n o n -c o v a r ia n t c o n t r ib u t io n  from  a 
Schw inger te rm  i s  c a n c e lle d  o u t and a c o v a r ia n t  m a tr ix  e lem en t f o r  
a  p h y s ic a l  p ro c e ss  i s  o b ta in e d . The r e le v a n t  p o r t io n  of th e  
c u r r e n t  X c u r r e n t  i n t e r a c t io n  (1 .5 1 ) i s
Hw = C°S9 A W  . (2 .4 5 )
F o llow ing  th e  s ta n d a rd  m ethod, we f a c t o r i z e  th e  m a tr ix  e lem en t
in  th e  form
-  k6 -
T = <n+ + v | - iH w( 0 ) | / >
= £r  cosS <u+ + v | t  (0) |0><0|-iA^+) (0) |rt+> 
•J 2 v v
and c o n s id e r  th e  p o r t io n
Mv (k) = <0|-iA^+ ) (0 ) |n +> .
(2.46)
(2 .4 7 )
We can d e f in e  a  phenom enolog ical m a tr ix  e lem en t on th e  mass s h e l l
t>y
mv = Fn(m2 )kv ; (2.46)
th e  PCAC h y p o th e s is  ex p re sse d  by th e  r e l a t i o n  (2 .3 1 ) g iv e s
(2 .4 9 )
By u s in g  a re d u c t io n  fo rm u la  and th e  PCAC r e l a t i o n  ( 2 .3 0  
we g e t ,  much l ik e  eq . ( 2 .3 4 ) ,  (2 .3 5 ) and (2 .3 6 ) ,
V *) -a -1— t ..?! J  d4x e lk x (0|T(ä^A^”  ^(x) ,A^*  ^(0) )  |0 )
(2 . 50 )
-a  - ----  — (k , 0) + M,°  ^ (k ,k  ) )  ( 2 .5 0
where
M^ o ) (k,0) - f  d4xe lkX<0|[A^‘ ) (x),A^+ ) ( 0 ) ] |0 ) 8 ( x  ) ,J  o v o (2 52)
}(k,kQ) = - i k d 4xe l kx ( 0 | T ( A ^  ( x ) , A ^  (0)) |0) .
(2 -55)
-  ^ 7  -
From th e  p rev io u s  r e s u l t s  eq . (2 .9)>  (2 .10) and (2 .11) we g e t
< 0 |[ A ^ ') (x),A ^+ ) (0 ) ] |0 )& (x o ) = - 2 xCa8 ( xo ) (2 . 5U)
which y i e ld s
M^ o ) (k ,0 )  = Kv (k ,0 )  = 2 Ca ( £ ,0 ) v (2 .55)
(K corresponds  to  K o f  eq .  ( 2 .3 8 ) ;  th e  te rm  co rre sp o n d in g  to  
[E .T .C .]  i s  zero  h e r e ) .  A lso , by i n s e r t i n g  th e  s p e c t r a l  
r e p r e s e n t a t i o n  (2 . 30 ) in t o  eq .  (2 . 53) we g e t
-2 /> { { ^ 7 ,  -  - • ) c ' -02A > pk^+c^-ie  
(2 .56)
From eq . (2 . 56) and (2 .43) we f in d
Kv ( k ,0 ) = 2  J  do2 {pa ( a 2 ) + pb (o2 ) ) ( £ ,0 ) v (2 .57)
s in c e
lim k >00 Mv ^  ^ ko) = ~2 f  + * .o o
(2 . 58)
lim^ = 0 .  (2.59)
k>*o o
A com parison o f  eq . (2 .55) and (2 .57 )  shows t h a t  
CA = [ do2 (pa (o2 ) + pb (c32 ) )  • (2 .6 o)
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E q u a tio n  (2.6o) i s  e x a c t ly  th e  same a s  eq . (2 .12) ;  t h i s  r e s u l t  
must be o b ta in e d  i f  th e  method developed  in  s e c t io n  3 i s  to  be 
c o n s id e re d  v a l id .
F in a l ly ,  by c o l l e c t in g  eq . ( 2 .5 7 ) , (2*56) and (2.55) we g e t
a 2Mv (k) _ a k
V „2
do2
o k2 + o2 - i e
(^ (o2 ) (2 .61)
f o r  My(k) o f eq . (4 .2 ) .  Thus we see  t h a t  a lth o u g h  and ^
a re  n o t c o v a r ia n t  in d iv id u a l ly  we re c o v e r  a c o v a r ia n t  m a tr ix  elem ent 
f o r  th e  p h y s ic a l  a m p litu d e . Note t h a t  i f  we s e p a ra te  th e  s p e c t r a l  
fu n c tio n  p, in to  a d i s c r e t e  p a r t  coming from  th e  one p io n
D
c o n t r ib u t io n  and a  co n tin u o u s p a r t  s t a r t i n g  from  th r e e  p io n s in  th e  
form
Pb (o2 ) = z  Mo2 -  m2 ) + p y * 2 ) , (2 .62)
th e n  by com paring eq . ( 2 .6 l )  w ith  < 
z =  |{ F  (m2 )} 2
Jt Jt
when we ta k e  k2 — > -m2 . I t  i s  
we n e g le c t  th e  co n tin u o u s  p a r t  o f 
r e s u l t  f o r  Z , eq . ( 2 .6 3 ) ,  i f  we
Jt
Hy (k) .
q . (2.1*8) and (2.1*9) we g e t
(2 . 65)
i n t e r e s t i n g  to  o b se rv e  t h a t  i f  
p^ we o b ta in  e x a c t ly  th e  same 
ta k e  th e  l i m i t  k2 — > 0 on
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5. Born te rm s in  n o n - le p to n ic  hyperon  decays
From eq_. (2 .3 ^ ) ,  (2 .3 5 ) and (2 .3 6 ) we h av e , f o r  th e
(c)n o n - le p to n ic  hyperon  decay a  — > ß + jt , th e  m a tr ix  elem ent
T =  a  f t o (k ,0 )  + t  (k ,k Q)J  (2 .6 4 )
m 2
where
t o (k,0) = J  d4x e ' lk x <ß|[A^C , (x),HML(0) ] |a> 6(xo ) : (2 .65)
t ,  (k ,k Q) = - % /  d 4x e ' lk x ( ß |T (A (® h x ) ,  1 ^ ( 0 ) )  |a )  (2 .66 )
and i s  th e  c u r r e n t  x c u r r e n t  in t e r a c t io n  (1 .3 6 ) .  A ccord ing
to  th e  fo rm u la tio n  p re se n te d  in  s e c t io n  3> t  c o n s is ts  o f a 
n o n -c o v a r ia n t  te rm , which we ta k e  as c a n c e lle d  by a n o th e r  such 
te rm  in  t l , and a c o v a r ia n t  te rm  t h a t  i s  ind ep en d en t o f k .
The c o n t r ib u t io n  o f  th e  l a t t e r  te rm  to  th e  m a tr ix  elem en t T a t  
k2 = 0 i s  th e  u s u a l  e x p re s s io n
T0 = a < ß |[  J  d3xA^C  ^ (x ,0 )  ,H^L (0) ] |a )
= a [E .T .C .]  (2 .67 )
f i r s t  o b ta in e d  by Sugawara [1965] and S uzuki [1965]*
We now c a l c u la te  th e  c o n t r ib u t io n  o f  th e  o c t e t  baryon  p o le s  
to  t 1 by a  m ethod s im i la r  to  th e  one proposed  by Sugawara [1964]. 
F i r s t  we change th e  t im e -o rd e re d  p ro d u c t to  a r e ta rd e d  com m utator
so t h a t
-  5 0  -
t l ( £ ,k Q) =  - * /  d 4x e “ l k x (ß |0 (x o ) [ A ^  (x ) ,H NL(0) ] |a )
= - i k  M (2 .6 8 )
li [i
and remove th e  m om entum -conservation  and m a s s -s h e ll c o n s t ra in ts  on 
th e  p io n .  Then we expand in  a com plete  s e t o f  b a s is  v e c to rs
and ta k e  u n s u b tra c te d  d is p e rs io n  r e la t io n s  f o r  th e  c o e f f ic ie n ts  
o f  th e  b a s is  v e c to rs .  Here th e  a p p ro p r ia te  in v a r ia n t  v a r ia b le s  are
s =  - ( p ß + k ) 2 , u =  ~(Pa  -  k ) 2 , t
w ith
s + t + u  =  M2 + M ^ - k 2
- ( p  -  p  )2 a e
(2 .6 9 )
(2.70)
The ba ryon  p o le s  c o rre s p o n d in g  to  th e  d iagram s (a) and (b) o f  
f ig u r e  1 a r is e  in  th e  s and u ch a n n e ls . F o r th e  v e r t ic e s  
re le v a n t  to  th e se  d iagram s we ta k e
(p I ^ W  = f C u  u pa p a (2 .7 1 )
( p l H j ^ O J I a )  =
v  —f  u r  u pa p 5 a (2 .7 2 )
<p |a £C )(0 ) I° >  =  "p  { f e
go a F*
(p rt -  p J tc, f  u p a |jl 5 j  a(P -  p ) *  + ms
P o
(2 -7 3 )
where pc and pv denote p a r ity - c o n s e rv in g  and p a r i t y - v io la t i n g ,  
A
G is  th e  re n o rm a liz e d  a x ia l - v e c to r  c o u p lin g  c o n s ta n t and 
g is  th e  p io n -b a ry o n  p se u d o sca la r c o u p lin g  c o n s ta n t.  Then
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/  TT(c)
ö
(a)
/
/
/ (c)
/
/ /
ö
/
(b)
Figure 1. Baryon pole diagrams for (a) the s channel
and (b) the u channel- The squares indicate
the weak vertices.
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by u s in g  th e  u n s u b tra c te d  d is p e r s io n  r e l a t i o n s  we g e t
g F
.,<{,») .  ü(p8)y  s (‘" tc»i
L Cp« + k ) 2  + m?P 5
-  M
*}W
g*. f
+ r f e t ( i r - (pa ' k) • y d r - M t c ,  + ^
(Pa  - k )2 + M®
u (p  ) (2 .7b)
where r  = 1 , f  = f °  f o r  t ^ pC  ^ and r  = y_ , f  = f V f o r
t j - ^  , and i  and £ deno te  th e  in te rm e d ia te  o c te t  b a ry o n s .
C on sid er th e  l im i t s  in v o lv ed  in  eq . (2 .4 3 ) .  From 
eq . (2 .74 ) we have
lim k >«,o
t .  (k ,k  ) = u Q )  (G^ f  + )rc  T u
1 o P . L  P i  la  ß£ £a; ' 5 a
and
p ro v id ed  t h a t
(2 . 75)
l im ,  (11m,, >ot ,  (k ,k o ) )  = H \  > 0 t ,  d f ,k o ) (2 .7 6 )
k-K) o o
= 0 >o o
(2 . 77)
l i m ^  v ~A>00 g f  = te rm  in d ep en d en t o f k (2 . 78)
Thus we see  t h a t  I f  eq . (2-77) and (2 . 78) a r e  v a l i d  th e  baryon
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pole terms (2.7*0 do not involve the abnormal term K as defined 
by eq. (2.43). The absence of K is reasonable because the 
baryon pole terms as given in eq. (2.74) are already covariant.
Note that the absence of K in eq. (2.74) does not necessarily 
mean the absence of K in the original expression (2.66).
In fact, if K is calculated by putting single baryon intermediate 
states into eq. (2.66) instead of resorting to covariant dispersion 
relations a non-zero result is obtained. This difference is 
obvious because of the fact that the original expression (2.66) 
is. not manifestly covariant whereas the dispersion relations 
set up to obtain the pole terms are essentially covariant 
in form. It appears that the procedure of using covariant 
dispersion relations implies automatic dropping of the abnormal 
term.
Finally, we substitute eq. (2.74) into eq. (2.64) and take
k2 = 0 and k = p - p to get Q! p
B,PCAC
+
as the contribution to the decay amplitude from the baryon poles. 
Then the total amplitude from the equal-time commutator term (2 .67) 
and the baryon pole terms (2.79) is
-  5 1* -
T = a [E .T .C . ] + (2 .8 0 )
The e x p re s s io n  (2.8o) fo r  T i s  th e  same as th e  r e s u l t  
(see  I tz y k so n  and Jacob  [ 1967] and Kumar and P a t i  [ 1967]) 
o b ta in e d  by th e  u s u a l CA-PCAC method d e s c r ib e d  in  s e c t io n  3 o f 
c h a p te r  1. I t  i s  easy  to  see  why we g e t th e  same r e s u l t .
F i r s t  we no te  t h a t  th e  u s u a l  r e s u l t  a s  g iv e n  in  eq . (1 .4 9 ) i s
a [E .T .C .] + B(k) + L (2 . 8 1 )
where B(k) a re  th e  u s u a l  Born te rm s (se e , f o r  exam ple, 
Brown and Som m erfield [1 966] ) ,
B(k) = u (p^) U SofeTcJ ir*  (Po + k) -  M j f fc r’P I15 ia(Pp + k )2 + m|
+ r W iT - (pa  ~ k) -  Mt ] |W  a( j
(pQ -  k )2 + M| >
and L i s  d e f in e d  by
(2 . 8 2 )
L = liH ^  >Q { a t1 (k) - B (k )) (2 .8 3 )
In  th e  l i m i t  k^ — > 0 th e  p o r t io n  o f  t^ (k) n o t coming from  
o c te t  baryon  in te rm e d ia te  s t a t e s  v a n ish e s  so we can w r i te
L = {aV kW n  * B(l° > (2 .8 4 )
where t^ (k )gQrn d en o tes  th e  p o r t io n  o f  t^ (k) coming from  o c t e t
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baryon intermediate states. On the other hand, directly from 
our result eq. (2.7*0 and eq. (2.82) we get
V , (at, (k)torn - B(k)}
= 1JV+oa Y ,.{G0|f|a + V ^ V V a
t. - /0(2.85)
by using the generalized Goldberger-Treiman relation
g = aG (M + M ) &p a pa p o'
Hence, our result can be written as
(2.86)
T = a[E.T.C.] + B(k) + L' . (2.87)
When k2 = 0 and k = , L of eq. (2.84) and (2.8l)Cz p
is equal to L ’ of eq. (2.85) and (2.87); consequently,
the two methods give equivalent results in so far as we consider
the equal-time commutator and octet baryon pole terms.
6. Comparison of equal-time commutator and Born terms with 
experimental amplitudes
In this section we compare the result (2.8o) with the 
experimental non-leptonic hyperon decay amplitudes. We express 
the pion-baryon pseudoscalar coupling constants and the baryon- 
baryon weak transition amplitudes in terms of parameters obtained 
by using SU3 symmetry and then choose numerical values for these
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param eters. The c a lc u la te d  am plitudes thus obtained  are  
e s s e n t ia l ly  the same as th ose  g iven  by Itzykson  and Jacob [1967]; 
th ey  are presented  here to  form a b a s is  fo r  d is c u s s io n  and because  
they  are needed again  in  chapter 3 *
C onsider f i r s t
a[E.T.C, ] = a (5 |  [  fd3xA^c) , H ^ ( d j ] |a> (2.88)
as g iven  in  eq. (2 . 6 7 ) .  By u sin g  the o n ce-in teg r a ted  
commutation r e la t io n s  (2 .14 ) we can rew rite  eq . (2 . 88 ) as
a[E .T .C . ] = a (ß |[  f  d3x V ^  ( ? ,0 ) ,11^ (0) ] |a> (2 . 8 9 )
where (x) i s  d efin ed  an a logou sly  to  (x) o f  eq . (2 . 3 2 ) ,
M- |-i
(±) (1 ) -  ,v (2 ) v (0) =  / 2  v (3) _V' ' + iV 
H l-i
(2 .9 0 )
( i )The op erators /d 3xV  ^ (x ,0 )  are th e  is o s p in  generators d efin ed  
by Gell-Mann [1962]; con seq u en tly , by u s in g  is o s p in  symmetry 
we can express afE.T.C. ]  in  tern s o f m atrix elem ents o f  the  
form
<P |HnL°) (°) Ia> = fp a V a  ’
(p Ii^ ^ oJIo) „V -f  u r_u , per p 5 a
(2.91)
(2 .S2 )
where p and o are members o f th e  same is o s p in  m u lt ip le t  as 
a  and ß . Thus we ob ta in  both a[E. T.C. ]  and in  terms
C Vo f f  and f  . Furthermore, in  th e  approxim ation o f
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SU3 symmetry f o r  th e  weak b ary o n -b a ry o n  t r a n s i t i o n s  (2.9"!)
and (2 . 92) f V v a n ish e s  due to  th e  charge c o n ju g a tio n  
pa
in v a r ia n c e  o f  th e  s tro n g  in t e r a c t io n s  (see  Lee and S w ift [1964])
Q
and f  can be ex p ressed  in  term s o f  th e  th r e e  p a ram ete rs  
D , F , and b where D and F a re  th e  reduced  m a tr ix  e lem en ts  
o f  th e  o c t e t  p a r t  o f  ; (0 ) and b i s  th e  reduced  m a tr ix
elem en t o f th e  27 p a r t .  Then a [E .T .C .]  c o n t r ib u te s  to  on ly
th e  s-wave am p litu d es  and to  on^y th e  p-wave
a m p litu d e s .
Table 2 c o n ta in s  a [E .T .C .]  f o r  th e  s-wave am p litu d es  
ex p re ssed  in  th e  manner d e s c r ib e d  a b o v e . The fo llo w in g  sum 
ru le s  a re  s a t i s f i e d  by th e se  s-wave am plitudes,*
fs .0 O A + A o
E~ + *72 = - £+o +
*72 E° + E" o
(2 .93)
(2.9*0
(2.95)
2H‘  + A° = S Z * +Jf (2 . 96 )
(compare th e s e  sum r u le s  w ith  th e  (A l| =2  and Lee-Sugawara 
sum r u le s  in  eq . (1 .1 7 ) to  ( 1 .2 0 ) ) .  The e x p e r im e n ta l 
s-wave am p litu d e  o f th e  decay  £* i s  a p p ro x im a te ly  z e ro . 
T h e re fo re , we assume o c t e t  dominance in  th e  t r a n s i t i o n  (2 .9 1 ) ;
t h a t  i s ,  we ta k e
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Table 2. S-^ave amplitudes from a[E T.C.] .
decay s-wave amplitude
x a
/1(-D - 3F - b)
0
Ao (’D - 3F - D)
< (- |b)
£+o - v/|(D - F - § b)
(D - F + b)
H “ - \Tl (D - 3F + b)6
~o - n/L. (D - 3F + b) 1 2
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b = 0 . (2.97)
Then the sum rules (2.93) to (2 .9 6 ) reduce to the |AT | = 2  and 
Lee-Sugawara sum rules with Z* = 0 .
Now consider of el* (2.79). In the approximation
of SU0 symmetry for the baryon-baryon weak transition, only 
the p-wave part is non-zero. By using the Goldberger-Treiman 
relation (2.86) we can rewrite this part as
BPCAC
where
M(a,5)
Ma + M 3
m'(3,u M_. + M.M.) («p - Mj.)
(2.99)
Table 3 contains for the parity-conserving amplitudes
0with f expressed as in the s-wave amplitudes with b = 0 . 
The pion-baryon pseudoscalar coupling constants g are 
taken from SU3 symmetry; g denotes the pion-nucleon coupling 
constant ( ^  ~ 14.7 ) and tj represents the amount of 
symmetric-octet coupling (see Gell-Mann [19^1]; our tj 
corresponds to his cx) . The parity-conserving amplitudes 
listed in table 3 satisfy the |AT | = sum rules
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Table J . P a r ity -co n serv in g  am plitudes from B
Jrv^rxL'
w ith  b = 0
decay p a r ity -co n serv in g  am plitude
x - h  g
A° (-D - 3F)M(a ,N) + nv/|(D  - F)M’ (N,E)
A° - ^ ( - D  - 3F)M(A,B) - r i 'A fD  -  F)M'(N,£)
(D - F)M(2,N) + (1 - tjJ (D - F)M '(N,E)+T|^i(-D  - 3F)M'(N,A)
3
£ *  -fi(D -  E)M(£,H) + (1 -  T , )  n/2(D -  F)M'(N,£) 
E* -(1 - r|)(D - F)M' (N,£) + >]nA (-D  -  3F)M’ (H,a)
ST T | ' / |  (D + F)M(E,£) + (1 - 2 ti) n/1(D - 3F)M’ (A,H)
T| (D + F)M(H,E) + (1 - 2t() - 3F)M’ (A,H)
of eq. (1.17) to (1.19) because we have assumed octet dominance 
(b = 0) and the octet part of the current x current interaction 
(1.36) has the isospin property |AI | = ^ . Also, in the 
approximation M(a, |) = - M*(;3, t) the Lee-Sugawara sum rule 
of eq. (l.20) is satisfied.
Table 4 contains an explicit numerical comparison of the 
calculated and experimental amplitudes (essentially the same as
the one given by Itzykson and Jacob [ 1 9^7])• This fit is obtained
0635 D Awith tj = 9^653 y p = -O.Ö45 , and the value G = 1 .253
(Gershwin et al [1968]) for the renormalized proton-neutron
gr Qaxial-vector coupling constant (recall that a = — -—  —-r- ) .
n/2 GA
Table 4 shows that the equal-time commutator ana Born terms 
yield the correct relative signs and roughly the correct magnitudes 
for the s- and p-wave amplitudes. As pointed out earlier in this 
section, when octet dominance is assumed the calculated s-wave 
amplitudes satisfy the | AI | = \ and Lee-Sugawara sum rules and 
the calculated p-wave amplitudes satisfy the |AI | = J and 
approximately the Lee-Sugawara sum rules. Since both the 
s- and p-wave experimental amplitudes are compatible with these 
sum rules it might be expected that better results for the 
magnitudes could be obtained with one set of D and F . Here 
we point out a difficulty concerned with getting better results.
First we consider the p-wave part of given in
eq. (2 .79) for the decay Z* which is the mode with the largest
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T able 4. Comparison o f c a lc u la te d  and e x p e rim e n ta l 
a m p litu d e s .
decay
x 10 -7
P
X 1 0-
A
experim en t c a lc u la te d
+ 3 . 3 7  + 0 .0 5  + 3 . 3 7
experim en t 
+ 1 .2 8  + 0 .0 6
Z+ + 0 .0 2  + 0 .0 7 + 4 . o 4 + 0 .0 7
3 - 3 8  + 0.31 
2 . 5 4  + 0 . 4l
-  ^-99 + 2 . 5 4  + o . 4i 
+ 3 . 3 8  + 0.31
+ 4 .o 4 + o . o 4 + 7 .0 8  -  0 .0 3  + 0 .0 9
-  4 .3 9  + 0 .0 6 + 0 .8 9  + 0 .0 8
c a lc u la te d
+ 1 .01
+ 3 .1 3  
+ 2 .2 6
0 .0 0
- 6 .0 0 + 0.71
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experimental p-wave amplitude. If we take SU_ symmetric
O
axial-vector coupling constants (rather than resorting to the 
GoIdberger-Treiman relation and using SU3 symmetric pseudo­
scalar coupling constants as we did to get the results in 
table 3) and assume octet dominance for both the baryon-baryon 
weak transition and the baryon mass-splitting operator (see, for
example, de Swart [19^3]) we can express B (£+) asPCAC +
bpcac(2+) = ^1 adA(§-5-f - r r f f )iv rsu2; • (2.100)
In eq. (2.100) d and f denote reduced matrix elements of
the mass-splitting operator (rr = —  -—— in the notation of
1 S  e-
de Swart [19^3]) and d is the symmetric-octet axial-vector
coupling constant (see, for example, Cabibbo [1963]). From
de Swart [19^3] we have j ~ ; also, a very good fit to
the experimental s-wave amplitudes can be obtained from the
equal-time commutator term with rr = — 2- However, fromr 5 *
eq. (2 .100) we see that when
(2.101)
*t f ~ ” 3 ' b = 0 and aF = -3 • 09 x 10~7 we get
S(A°) = 3-37 X 10“2 , S (Lj =4.11 x l O '7 and S.(H^ ) = 4.20 x 10~7
when S(A°) is normalized to the experimental amplitude
(compare to table 4). When — = the structure of both s-andF f
p-wave amplitudes is similar to that obtained by factorization.
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4 “ +vanishes. Since P(r, ) is the largest p-wave
amplitude this result means that a good fit for both the
s- and p-wave amplitudes cannot be obtained when SU3 symmetric
axial-vector coupling constants are used. If the axial-vector
coupling constants are changed to pseudoscalar coupling constants
by use of the Goldberger-Treiman relation (2.86) and if SU3
symmetric pseudoscalar coupling constants are used, as we did
to obtain the results in tables 3 and 4, the term L of eq. (2.85) 
D clsurvives when f ~ f so that a somewhat better fit can be 
expected. This difference arises because if the Goldberger- 
Treiman relation is valid the axial-vector and pseudoscalar 
coupling constants cannot both take on SU3 symmetric values 
when actual baryon masses are used. Experiments seem to suggest 
larger deviations from SU3 symmetric values for the pseudoscalar 
coupling constants (Martin and Ross [1968]) than for the axial- 
vector coupling constants (Carlson [1966]) as might be expected 
on the basis of the generalized Ademollo-Gatto theorem for 
SU3 x SU3 jpuralnik et al [1966], Schechter and Ueda [1966]).
7* Discussion and conclusion
The CA-PCAC method for weak processes involving a pion was 
reformulated on the basis of taking the limit k2 — > 0 on the 
whole amplitude. As pointed out in section 3 of chapter 1, the 
usual formulation based on the limit k — > 0 may be invalid.
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The p re s e n t  fo rm u la tio n  overcom es t h i s  d i f f i c u l t y ;  how ever, th e  
assum ption  th a t  th e  e x t r a p o la t io n  o f  k2 from  - m2 to  ze ro  i s  
p e rm is s ib le  must s t i l l  be made. F u rtherm ore  th e  more 
r e s t r i c t i v e  l i m i t  k — > 0 i s  re la x e d  in  th e  sen se  t h a t  
c o n t r ib u t io n s  to  th e  am p litu d e  w hich v a n ish  in  th e  l i m i t  k — > 0 
b u t n o t k2 — > 0 can be in c lu d e d .
The p re sen ce  o f Schw inger te rm s , a t  l e a s t  o f a ty p e  
sym m etric in  u n i t a r y  s p in  in d ic e s ,  in  th e  c u r r e n t  com m utators 
r e le v a n t  to  weak in te r a c t io n s  was d em o n stra ted . In  g e n e ra l ,  
th e  Schw inger te rm s a r i s i n g  from  e q u a l- tim e  com m utators y ie ld  non 
c o v a r ia n t  c o n t r ib u t io n s  to  th e  a m p litu d e s . A p r e s c r ip t io n  fo r  
d e te c t in g  and c a n c e l l in g  o u t th e s e  n o n -c o v a r ia n t p o r t io n s  o f 
th e  am p litu d e  so t h a t  c o v a r ia n t  am p litu d es  fo r  p h y s ic a l  
p ro c e s se s  a re  o b ta in e d  was g iv e n .
An i l l u s t r a t i o n  o f th e  p r e s c r ip t io n  f o r  d e te c t in g  and 
c a n c e l l in g  n o n -c o v a r ia n t term s was p ro v id ed  by a c a lc u la t io n  o f 
a  m a tr ix  e lem en t r e l a t e d  to  th e  decay  n — > p. + v • Note t h a t  
t h i s  c a l c u la t io n  can e a s i l y  be ex tended  to  le p to n ic  kaon decay s.
T his fo rm u la tio n  was th e n  a p p lie d  to  n o n - le p to n ic  hyperon 
d eca y s . I t  was shown t h a t  th e  e q u a l- tim e  com m utator and baryon  
p o le  te rm s o b ta in e d  by t h i s  method a re  th e  same as  th o se  
o b ta in e d  by th e  u s u a l  method based  on k — > 0 . By u s in g  
SU3 sym m etric v a lu e s  f o r  th e  p io n -n u c le o n  p se u d o sc a la r  c o u p lin g  
c o n s ta n ts  and th e  b a ry o n -b a ry o n  weak t r a n s i t i o n  w ith  o c t e t
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dominance f o r  th e  weak t r a n s i t i o n  th e  | A E  | = ^  and (approx im ate  
fo r  p-wave am p litu d es)  Lee-Sugawara sum r u le s  were o b ta in e d  fo r  
th e se  te rm s . A n u m erica l com parison o f  th e  e x p e r im e n ta l and 
c a lc u la te d  am p litu d es  was made by ch oosing  p a ram ete rs  a s s o c ia te d  
w ith  th e  b ary o n -b ary o n  weak t r a n s i t i o n  and p se u d o sc a la r  c o u p lin g  
c o n s ta n ts .  This com parison ( ta b le  4) shows t h a t  a lth o u g h  
th e  c o r r e c t  r e l a t i v e  s ig h s  o f th e  s -  and p-wave am p litu d e s  a r e  
o b ta in e d  th e r e  i s  a s u b s t a n t i a l  d isc re p a n c y  in  th e  m ag n itu d es .
An argum ent b ased  on a s i m i l a r i t y  betw een th e  mass s p l i t t i n g  o f 
th e  o c te t  baryons and th e  bary o n -b ary o n  weak t r a n s i t i o n  was 
p re s e n te d  to  i l l u s t r a t e  why th e  e x p e rim e n ta l m agnitudes can n o t 
be rep ro d u ced .
I t  seems th a t  in  o rd e r  to  g e t a b e t t e r  f i t  to  th e  
e x p e rim e n ta l am p litu d es  i t  i s  n e c e ssa ry  e i t h e r  to  in tro d u c e  
b roken  symmetry f o r  th e  b ary o n -b ary o n  weak t r a n s i t i o n  a n d /o r  
p io n -b a ry o n  p s e u d o sc a la r  c o u p lin g  c o n s ta n ts  o r  to  ta k e  in to  
accoun t h ig h e r  c o n f ig u ra t io n  in te rm e d ia te  s t a t e s .  The l a t t e r  
approach  can be ta c k le d  w ith in  th e  fo rm u la tio n  o f th e  CA-PCAC 
method p re se n te d  h e re .  In  f a c t ,  Chan [1968] has r e c e n t ly  used  
p r a c t i c a l l y  th e  same fo rm alism  as developed  h e re  to  o b ta in  a 
good f i t  to  th e  e x p e rim e n ta l am p litu d es  by in c lu d in g  o n ly  th e  
decuplet- and A(l4o5) reso n an ces  in  a p o le  a p p ro x im a tio n ; 
how ever, th e r e  ap p ea rs  to  be no s tro n g  argum ent f o r  n e g le c t in g  
a l l  th e  o th e r  reso n an ces  h av in g  low m a sse s . The drawback o f
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such c a lc u la t io n s  i s  t h a t  i f  a po le  ap p ro x im atio n  i s  used  th e r e  
a re  numerous unknown p a ram ete rs  a s s o c ia te d  w ith  th e  baryon  
reso n an ces  and a lm ost any s e t  o f e x p e r im e n ta l am p litu d es  co u ld  
be f i t t e d  by s u i ta b ly  ch oosing  th e s e  p a ra m e te rs . For t h i s  
rea so n  such a c a lc u la t io n  was n o t a tte m p te d ; in s te a d ,  an 
a tte m p t i s  made (see  c h a p te r  3 ) to  e s t a b l i s h  some c r i t e r i o n  fo r  
r e t a in in g  o r  n e g le c tin g  baryon  re so n an ces  of v a r io u s  sp in s  and 
p a r i t i e s .
A lthough th e  r e s u l t s  in  t a b le  k were o b ta in e d  by choo sin g  
th e  p a ram eters  D , F and b a s s o c ia te d  w ith  th e  b a ry o n -b a ry o n  
weak t r a n s i t i o n ,  th e s e  p aram ete rs  can  be c a lc u la te d ,  a t  l e a s t  
in  p r in c i p l e ,  from o th e r  e x p e r im e n ta l q u a n t i t i e s  by a method 
su g g es ted  by Sugawara [1965]- T his method c o n s is t s  o f  in tro d u c in g  
a sum over a  com plete s e t  o f s t a t e s  betw een th e  c u r r e n ts  in  th e  
in t e r a c t io n  i n form
V  = Inl A <p Ij*I“X“ |j > >  • (2-102)
In  f a c t ,  f °  has been  c a lc u la te d  in  t h i s  manner (Biswas e t  a l  pa ---------
1966 , Chiu e t  a l  [1966] and Hara [ 19^7 ]) by ta k in g  th e  sum 
o v er on ly  th e  o c t e t  and d e c u p le t b a ry o n s . A lthough th e  
r e s u l t s  a re  r a th e r  s e n s i t i v e  to  th e  ch o ice  o f  form  f a c to r s  f o r  
th e  c u r r e n ts  and th e  o c t e t  and d e c u p le t  baryon  m asses, re a so n a b le  
v a lu e s  f o r  D , F and b can be o b ta in e d . A gain th e r e  seems 
to  be no s tro n g  argum ent f o r  n e g le c t in g  th e  o th e r  baryon
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resonances in the sum (it would be interesting to see how well 
the SU3 symmetry result f ^  = 0 is reproduced by a similar 
calculation). The octet baryon-resonance weak transitions which 
appear when the contribution of the resonances to the 
amplitudes is included in a pole approximation could be calculated, 
in principle, by this method. However> this would be a 
practical impossibility with the present state of knowledge 
of form factors and coupling constants.
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Chapter 3
AN INVESTIGATION OF THE ROIE OF BARYON RESONANCES 
IN NON-LEPTONIC HYFERON DECAYS
1. Summary
The equal-time commutator and octet baryon pole terms as 
treated in the preceding chapter yield the correct relative signs 
and roughly the correct magnitudes for the s- and p-wave 
non-leptonic hyperon decay amplitudes. However, a good fit to 
both the s- and p-wave experimental amplitudes cannot be obtained 
simultaneously. It appears that it is necessary to introduce 
SU3 symmetry breaking for the baryon-baryon weak transition 
f and/or the pion-baryon pseudoscalar coupling constants 
and/or to take into account higher configuration intermediate 
states. At the present time it is unlikely that considering 
symmetry breaking would yield much useful information since, 
for example, the extent to which the pion-baryon pseudoscalar 
coupling constants deviate from symmetric values is not known. 
Therefore, it is probably more worthwhile to investigate the role 
played by the pion-octet baryon system, or resonances in the 
pion-octet baryon system, in the intermediate states. Note 
that such an investigation has significance exclusive of the 
fact that we were unable to obtain a good fit to the experimental 
amplitudes in the preceding chapter; if we were able to, it
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would be necessary to explain why the numerous baryon resonances 
with small masses could be neglected.
In this chapter we consider pion-octet baryon intermediate 
states within a dispersion relation calculation of the non-leptonic 
hyperon decay amplitudes. Rather than using the formulation 
developed in chapter 2, we use a formulation of the CA-PCAC 
method developed by Okubo [19^7] (also Okubo et al [19^7]) in which 
current algebra and the PCAC hypothesis are used to calculate 
only a subtraction constant in dispersion relations. The 
advantage of using Okubo's formulation is that we can express the 
strong vertices which appear in the absorptive parts of the 
amplitudes when pion-octet baryon intermediate states are included 
directly in terms of pion-octet baryon partial-wave scattering 
amplitudes. We use a resonance approximation for the partial- 
wave scattering amplitudes and, consequently, this calculation 
should be viewed as an attempt to establish the relative 
importance of baryon resonances with small masses in non-leptonic 
hyperon decays. Note that Chan [1968], using a method which is 
practically the same as presented in the preceding chapter, has 
obtained a good fit to the experimental s- and p-wave amplitudes 
by including only the decuplet and A(l405) resonances in a pole 
approximation. Such a fit has no significance unlesss neglecting 
all the other baryon resonances can be justified. For this reason,
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i t  i s  w orthw hile  to  e s t a b l i s h  a t  l e a s t  th e  r e l a t i v e  im portance  
o f th e  numerous baryon  re s o n a n c e s .
In  s e c t io n  2 we o u t l in e  th e  d is p e r s io n  r e l a t i o n  fo rm alism  
t h a t  we u se  and c a lc u la te  e q u a l- tim e  com m utator and o c t e t  baryon  
p o le  te rm s . This i s  e s s e n t i a l l y  a r e p e t i t i o n  o f  th e  work done 
by Okubo [1 967] and i s  in c lu d e d  m a in ly  to  e s t a b l i s h  o u r n o ta t io n .
In  p re p a ra t io n  f o r  c a l c u la t in g  th e  a b s o rp tiv e  p a r t s  o f th e  
am p litu d es  a r i s i n g  from  p io n - o c te t  baryon  in te rm e d ia te  s t a t e s ,  
we l i s t  p a r t ia l-w a v e  decom p o sitio n s  fo r  b o th  p io n - o c te t  baryon  
s c a t t e r in g  and n o n - le p to n ic  weak a m p litu d es  in  s e c t io n  3 * The 
p a r t ia l-w a v e  d ecom position  o f  th e  weak am p litu d es  can be o b ta in e d  
by u s in g  th e  g e n e ra l  method developed  by Jacob  and Wick [ 1959] )  
s im i la r  decom positions have been  g iv e n  r e c e n t ly  by W atanabe [19^8] 
and chan [ 1968 ] .
In  s e c t io n  4 we f i r s t  o b ta in  g e n e ra l  e x p re s s io n s  f o r  th e  
a b s o rp tiv e  p a r t s  o f th e  weak a m p litu d es  a r i s i n g  from  p io n - o c te t  
baryon  in te rm e d ia te  s t a t e s  in  th e  s c h a n n e l. These a b s o rp t iv e  
p a r t s  in v o lv e  n o n - le p to n ic  weak am p litu d e s  of th e  ty p e  t h a t  we 
a r e  c a l c u la t in g  and p io n - o c te t  baryon  p a r t ia l-w a v e  s c a t t e r in g  
a m p litu d e s . Then, n e g le c t in g  a l l  o th e r  p a r t i a l  w aves, we make 
a * crude reso n an ce  ap p ro x im a tio n  f o r  th e  s -  and p-wave p io n -  
o c t e t  baryon  s c a t t e r i n g  a m p litu d e s . F u rth e rm o re , we ap p ro x im ate  
th e  weak am p litu d es  a p p e a rin g  in  th e  a b s o rp t iv e  p a r t s  o f th e  
am p litu d es  by th e  e q u a l- tim e  com m utator and o c t e t  baryon  p o le  te rm s .
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Although it is probably impossible to justify this last
approximation, it renders the calculation tractable. In section
5 we use a crossing relation and approximations similar to those
made for the s channel and obtain an expression for the contribution
from pion-octet baryon intermediate states in the u channel.
In section 6 we discuss the form of the resulting dispersion
integrals and give numerically the contribution from resonances
p i±with J = 2 when the parameters associated with the equal-time 
commutator and octet baryon pole terms are chosen as in section 6 of 
chapter 2. We discuss these results and our calculational 
method in section 7*
2. Dispersion relations and octet baryon pole terms
In this section we outline essentially the formulation of
the CA-PCAC method developed by Okubo [19^7] and Okubo et al
[1967] (also see Okubo [1968]) and calculate the contribution to the
non-leptonic hyperon decay amplitudes from the equal-time
commutator and octet baryon pole terms. This gives equal-time
cummutator and octet baryon pole terms in forms that we use later
and, furthermore, establishes our notation.
By using a reduction formula we can write the matrix element
(c)T for the hyperon decay a — > ß + jt as
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T = (ß + * ( c ) , ( + ) |  -  iHKL(0 ) |a >
= -  f  d4x e ' lkx ( □  - m2 ) ( e |e ( x o) [ c / c  ^ (x ),Hnl(0 ) ]  |a )
(5 .1 )
where (+) in d ic a te s  an ’o u t ’ s t a t e  ( l a t e r  we use  ( - )  to  
den o te  an  ' i n ’ s t a t e )  and H_ i s  th e  H am ilton ian  (1 .3 6 ) .
NIj
F ollow ing  th e  method o f s e c t io n  3 o f  c h a p te r  2 ,  we remove th e  
m om entum -conservation and m a s s - s h e l l  c o n s t r a in t s  on th e  p io n  and 
use  th e  PCAC r e l a t i o n  (2 .31 ) to  o b ta in
T = a ( ß I /  d4x e ‘ ikX[A^c ) (x),H NL(0 ) ] |a > 6 (x o )
- a i  k^Jd4x e ' l k x (ß | e ( x o ) [ A ^ ( x ) , H NL( 0 ) ] | a )  (5.2)
in  th e  l i m i t  k2 — > 0 . Now we c o n s id e r  th e  l i m i t  k — > 0 on 
eq . (3 * 2 ). We use  O kubo's p r e s c r ip t i o n ,  when needed , o f a s s ig n in g  
th e  o c t e t  baryon  in te rm e d ia te  s t a t e  in  th e  second te rm  o f 
eq . (3 .2 )  a s l i g h t l y  d i f f e r e n t  mass th a n  th e  i n i t i a l  o r  f i n a l  
baryon  to  in s u re  t h a t  th e  second te rm  v a n ish e s  in  th e  l i m i t  
k — > 0 . Then we g e t
l i m ^  T = a< ß | [J ds xA(| c ) (x ,0 ) ,H NL( 0 ) ] |a )
=  a ( ß |[  J  d3x V ^ ( x , 0 ) ,H NL(0 )] |a )
a [E .T .C . ] (5 -5 )
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where we have used  th e  com m utation r e l a t i o n s  (2.1 4) and th e  
n o ta t io n  o f  eq . ( 2 .89) and ( 2 .9 0 ) .  H ence, eq . (3*3) g iv e s  us 
an  e x p re s s io n  f o r  th e  decay m a tr ix  e lem en t a t  k =s0 ; a s  p o in te d  
o u t by Okubo [19^7]^ t h i s  e x p re s s io n  can be used  as a s u b tr a c t io n  
c o n s ta n t  in  d is p e r s io n  r e l a t i o n s  f o r  th e  am p litu d es  of n o n - le p to n ic  
hyperon  decays in to  pions w ith  k ^  = 0 .
Now we r e tu r n  to  th e  re d u c t io n  fo rm ula  (3 .1 )  and r e w r i te
i t  as
T = -J d 4x e “ lk x (ß |e (x o) [ f t ^  (x ),H n l (0 )]  |a )  , (3 A )
where
£ ^ ( x )  = ( □  - m2 ) q / C  ^ (x) , (3 . 5 )
and ta k e  eq . (3 A) to  r e p r e s e n t  th e  m a tr ix  elem en t f o r  hyperon  
decay in to  a p io n  w ith  k2 = 0 . We r e la x  th e  momentum- 
c o n s e rv a tio n  c o n s t r a in t  and in tro d u c e  a  m a ss le ss  sp u r io n  ( fo r  
examplq see, Sugawara [1 9 6 4 ]) , t h a t  i s ,  a  f i c t i t i o u s  m a ss le ss  
p a r t i c l e ,  o f  momentum q such t h a t  T can be c o n s id e re d  a s  th e  
m a tr ix  e lem en t f o r  a  s c a t t e r i n g  p ro c e ss  w ith  momenta
pa  + q =  p 3 + * • (3 .6 )
We a l s o  in tro d u c e  th e  i n v a r i a n t  v a r ia b le s
S = - ( p3 + k )2 ,  U = - (p a  -  k )2 , t  = - ( p a  -  P6)2
(3 .7 )
> >
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with
pa ==* " ’ pß = " %  ’ k2 = 0 , q2 = ° (5*8)
and impose the restriction that
s + t + u  = M2 +M2 . (5*9)-OL O
We express T in the general form
T = ü(3)[T, + T2r5 + ir-k(T3 + T4r5)]u(a) , (5.10)
where the are invariant functions of the invariant variables,
and assume that the T\ satisfy the following dispersion relations 
at fixed t = 0 :
T (s, t = 0) = T (s = M2,t = 0)1,2 1,2 ß
s - M2 poo A, (s 1 ,t = 0)ds'
+ ------------- , (3.11)
v -oo (s *-M?) (s '-s-ie)p
A3 4 ^S ' > *  =  ° ) d s ’
8 ' - 8 - iS
(5 *12)
where Ai(s,t = 0) is the absorptive part of Ti(s,t 
In order to obtain the matrix element for the decay 
with k2 =s 0 we take
1 = 0 ,  Pa = p0 + k , s = k g ,  u =
= 0) .
a  — > ;3 + it (c)
M| (5.15)p
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a f t e r  the T. have been c a lc u la te d .l
For k = 0 we have s = M2 and t  = 0 ; th e r e fo r e ,  we
P
take the equal-tim e commutator term (3*3) to  be the  
su b tr a c t io n  constant in  eq. ( 3 .1 1 ) .  We rew rite  the d isp ers io n  
r e la t io n s  (3 .11) and (3 .12) as
'1,2 (s>u >t = 0) = a[E. T. C. ]
s-M2 
___ 6
A (s ’ , t  = 0 ) d s ’
1 ,2
(s 1 -M?) (s ' - s - i e )  
P
U -M 2  n 00 A (u ' ,  t  =  0) du ’
— Z -  [  - 1 ^ ----------------------- , (3 .14)
^ (u ’-M ^ )(-u '+ u-is )
T ( s , u , t  = 0)
3 , 4  '  *  ’
i r 00A3 , 4^s , , t  = ° ) d s ’
71 J  s 1 -  s -  i e
1+ -  
Ti
00 A3 4 (u ’ , t  = 0)du
- u ’ + u - i e
(3 .15)
where the A can be obtained d ir e c t ly  from the reduction  formula 
(3 .^ ) by making the s u b s t i tu t io n  6 ( x q ) — >  ~ r  :
A ( s , t )  = -  —• J  d4xe~ lk x ^ | < f t ^ ( x )Hn l (0 ) | a )  , (3-16)
A (u ,t )  = f  d4xe" lk x <ß|HNL(0)ß^c  ^ (x) |a )  . (3-17)
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In t ro d u c in g  a sum o v er  a com plete s e t  o f  s t a t e s  in to  eq . (3-16 ) 
and (3 -17)> we g e t
A ( s , t )  = -  T T “  Y ( ß U ( c ) (0 ) |n>< n |H NL( 0 ) | a ) 8 4 (pn - Pg - k) ,
(3 . 18)
A ( u , t )  =  - ^ 1 y  (ß |H NL(0) |n ) (n | i^ ^ c  ^ (0) | a ) 8 4 (pn - Pa  + k) .
■"'n (3 .19)
In  t h i s  s e c t i o n  we e v a lu a te  eq . (3*18) and (3.1 9) and th e  
d i s p e r s io n  r e l a t i o n s  (3.1*0 and (3 *15) f o r  s in g l e  o c t e t  baryon 
in te rm e d ia te  s t a t e s  |n )  ; in  th e  fo l lo w in g  s e c t i o n s  we c o n s id e r  
p io n - o c t e t  baryon  in te rm e d ia te  s t a t e s .
The o c t e t  baryon  p o le s  c o r re sp o n d in g  to  t h e  diagrams (a) 
and (b) o f  f i g u r e  2 a r i s e  in  the  s and u chan n e ls  r e s p e c t i v e l y .
For th e  v e r t i c e s  r e l e v a n t  t o  th e s e  diagram s and eq . (3*18) and 
(3 .19) ta k e
<p (H^ C  ^ ( ° H g) = f p0 u(p)u(cr) , (3 .20)
( p | H^ ) ( 0 ) |o )  = f ^  u ( p ) y 5u (a )  , (3 .21)
as  in  eq . (2 . 71 ) and (2 . 72) ,  and
<p|ftvC^ ( 0 ) |a )  = ig  u ( p ) y  u (a )  (3 .22)pa °
where th e  g a re  p io n -b a ry o n  p s e u d o s c a la r  c o u p l in g  c o n s t a n t s .
Then from eq .  (3 .18) and (3*19) we g e t
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Figure 2- Baryon pole diagrams for (a) the s channel and 
(b) the u channel. The squares indicate the
weak vertices.
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A(s,t) = - « y  sg|f|a5 B^ ' - Mß + ir.k]rsru(a) ,
"'l ' (3.23)
A(u,t) = n) fg^s^a5 (u - M^)ü(ß)[M* - mq  + ir-k]rr5>i(a) ,
5 ' (3 .2*0
where f = fc , r = 1 and we take the plus sign in eq. (3*24) p0 pa
vfor parity-conserving amplitudes; f = f , r = r= and wepa ’pa 5
take the minus sign in eq. (3.24) for parity-violating amplitudes; 
and | and £ denote the intermediate octet baryons. Picking out 
the from eq. (3.23) and (3-24) and using the dispersion
relations (3*14) and (3-15) > we get
t® = y\ sßi v (e)
+ Y .. fß C V " (e)
s - ^ ir.k
(Mft+M0) (s-M?+ie) s - M? + ie
5 P I  5
± ir-k
r5ru(a)
u - Ig
(m +^m )^ (u-r^ -ie) u - m| - ie
rr«Ai(a)
(3.25)
as the contribution to the matrix element T from the octet baryon 
poles. Finally, we set q = 0 , k = p - p_ , s = M?, andOL p O!
u = to get
J3 y Mq + Mß gaEf£„ + Mq + Ms fLg,) (Mg+Mg) 36 ia (Mß-M^ )(Ma+M?)
x u(e)rsu(a) , (3.26)
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x
x ü (ß )u (a )  (3 .2 7 )
as th e  c o n t r ib u t io n  from th e  o c t e t  bary o n  p o le s  to  th e  p a r i t y -  
c o n se rv in g  and p a r i t y - v i o l a t i n g  am p litu d es  f o r  th e  decay 
a  — > 3 + it w ith  m a ss le ss  p io n s . The baryon  p o le  te rm s in  
eq . (3 *2 6 ) and (3 .2 7 ) a re  e x a c t ly  th e  same as th o se  in  eq . (2 .79 ) 
as may be seen  by u s in g  th e  G o ldberger-T re im an  r e l a t i o n  (2 .8 6 ) ;  
th e r e f o r e ,  in s o f a r  t h a t  o n ly  th e  e q u a l- tim e  com m utator and o c te t  
baryon  p o le  term s a re  c o n s id e re d , t h i s  fo rm u la tio n  and th e  
fo rm u la tio n  p re se n te d  in  c h a p te r  2 y ie ld  e q u iv a le n t  r e s u l t s .
A gain , we s t r e s s  t h a t  th e  fo rm u la tio n  and c a l c u la t io n  to  t h i s  
p o in t  i s  e s s e n t i a l l y  a r e p e t i t i o n  o f  th e  work done by Okubo [ 1967]- 
In  th e  rem ain d er o f t h i s  c h a p te r  we s tu d y  th e  c o n t r ib u t io n  to  th e  
m a tr ix  e lem ent T from  o c t e t  b a ry o n -p io n  in te rm e d ia te  s t a t e s .
3 . V e r t ic e s  a s s o c ia te d  w ith  p io n -b a ry o n  in te rm e d ia te  s t a t e s
The p io n - o c te t  baryon  in te rm e d ia te  s t a t e s  c o rre sp o n d in g  
to  th e  d iagram s (a) and (b) o f  f ig u r e  3 a r i s e  in  th e  s and u 
ch an n e ls  r e s p e c t iv e ly .  Throughout t h i s  c h a p te r  we c o n s id e r  th e  
p io n  in  th e  in te rm e d ia te  s t a t e  as  w e ll  as  in  th e  f i n a l  s t a t e  to  
be m a ss le ss  and ta k e  th e  mass o f th e  in te rm e d ia te  o c t e t  baryon  in  
th e  s (u) c h an n e l to  be e q u a l to  th e  mass o f  th e  f i n a l  ( i n i t i a l )
,B y Ma  - , f v’31 la
M - M„a 3
(Mß+M^) (Ma +M^)
f 3 ^ a
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Figure 3. Diagrams for pion-octet baryon intermediate states
in (a) the s channel and (b) the u channel.
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baryon  ( th i s  means t h a t  we ta k e  M^, = M^) . C o n sid er d iagram  (a) 
o f f ig u r e  3 * As may be in f e r r e d  from  t h i s  d iag ram , o r  from  
eq . (3 .1 8 ) ,  th e  s tro n g  v e r te x  co rre sp o n d s  to  a p io n - o c te t  baryon  
s c a t t e r in g  p ro cess  tt* + p — > it + 0 ; th e  weak v e r te x  co rre sp o n d s  
to  th e  s c a t t e r in g  p ro c e ss  a  + q — > p + n '  , t h a t  i s ,  to  th e  
ty p e  o f p ro cess  f o r  w hich we a re  c a l c u la t in g  a  m a tr ix  e lem en t.
In  t h i s  s e c t io n  we g iv e  s e v e r a l  r e s u l t s  t h a t  w i l l  be needed l a t e r  
in  th e  c a lc u la t io n  o f  th e  a b s o rp t iv e  p a r t s  g iv e n  in  eq . (3 .1 8 ) and 
(3 .1 9 ) and in  th e  e v a lu a t io n  o f th e  d is p e r s io n  r e l a t i o n s  (3.1*0 and 
(3 . 15) .  Some o f th e s e  r e s u l t s  a r e  w e ll  known and a re  in c lu d e d  h e re  
m erely  to  e s t a b l i s h  o u r n o ta t io n .
F i r s t  we c o n s id e r  p io n -b a ry o n  s c a t t e r in g  fo llo w in g  e s s e n t i a l l y  
th e  n o ta t io n  o f  G asiorow icz [1 9 6 0 ]. We can e a s i l y  e s t a b l i s h  th e  
fo llo w in g  r e l a t i o n s  by re d u c in g  a p io n  o f  charge  c :
< P > k ^ ,  (+) I p ’ , k 1, ( - )  )
=  6f i  - i ( 2 i t ) 46 4 (p + k - p ' - k ' ) ( p | f ö ^  (0) |p ’ , k ' , ( - )  ) ,
(3 .2 8 )
(P* A ’ , (+) | p , k (-) )
= 5f i  - i ( 27t ) 46 4 (p + k - p ' -  k ' )  <p' , k ' ,  (+) (0) |p)
(3 .2 9 )
where (+) and ( - )  den o te  'o u t ' and ;,i n '  s t a t e s  r e s p e c t iv e ly
6f i sp in s
and
6(5 -  5') (£ - g')6 (3 .3 0 )
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On the other, by using time-reversal invariance (for example, 
see Nishijima [1963]) it can be shown that
<p,k(c),(+)|p',k'(-)> = <p',k',(+)|p,k(c),(-)> ; (3.31)
consequently, from eq. (3*28) and (3*29) we get
(0) |p’,k', (-)) = <p|ft^ (0) |p',k’, (+)) . (3-32)
Furthermore, if we write"f
(V,k,(+)|p’,k'(-))
= - i(2«J4&4(p + k - p' - k')u(p)[- A + i^ y. (k + k')B]u(p'),
(3.33)
then
<P,k>(-)|p',k’,(+))
= 6f. + i(2jt)4S4(p + k - p' - k ’)ü(p)(- A* (k + k')B*]u(p')
(3-3 )^
Also, directly from Gasiorowicz [i960], we have the following 
partial-wave decomposition in the centre of mass system: When we
take
We use the symbol ~ in A and B only to distinguish 
these amplitudes from, say, the weak amplitudes.
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*  * - *  .
f  X X + f  X a .ka .k 'X  
l 2
we have
*  " r a j  u (p H - A + i ^ y . ( k  + k ' ) B ] u ( p ) (3 .3 5 )
= e 8: wm *  + (w -  M)B] , (3 -36)
E » M r ~f  — -"w 'jT" [ -  A + 2 8itW l (W + M)B] , (3 .3 7 )
r e v e r s e  r e l a t i o n s
A = 4n t E + M f ,
_ W -  M f  n
E -  M 2 J > ( 3 .3 8 )
® ^   ^ E + M + E - M * (3-39)
where E and M are the baryon energy and m ass. A , B , f  ^  
and f 2 are fu n ctio n s  o f the t o t a l  cen tre  o f  mass energy W and 
o f  \  w ith
X = cos0 (3.*K>)
where 6 i s  the an g le  between k and £ ' . We can expand
f  and f  as 
1 2
- y,L‘<*(w)P|+, ( x )  -  7 “ V (W )P |_ , (X )  ,^  ( 3 , 4 i )
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f2(w,X)
where
r —I 00
> ta^ _(W) at+(W)]p|(\) , (3.42)
a^+(w) = i f dx[fi (w ,x )p^(x ) + f2 (w,x)p^ +1 (x) ]
and P^(\) is a Legendre polynomial with P^ (X,) being the 
first derivative. The partial wave amplitudes a^+ (W) can 
be expressed as
1+ we ~ sinö, (3.44)
where 60 are phase shifts.
Now we treat the weak process a + q — > 0 + it in a 
manner analogous to the preceding treatment of pion-baryon 
scattering. By using time-reversal invariance it can be shown 
that (for example, see Nishijima [1963])
(p,*(c,(-)|HNL(0)|a> = (ß,It(o)(+)|HHL(0)|a>* . (3.45)
We can also expand the weak amplitudes in partial-wave form in 
the centre of mass system (Watanabe [1968] and Chan [1968] give 
similar expressions). First we write
0,1(1-111^ (0) |a> = + T2r5 + ir-k(T3 + T4rs)Ma)
A v A
X [F + F2a.ka.q + G a.q. + G2a-k]X (3.46)
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Then f o r  th e  p a r i ty - c o n s e rv in g  am p litu d es  we have
1_
£W
-(W+M )G, (W-Mg)Gg
V < V V  (Ea -MQ) (fi3-M ) (Ea 4Ma )J
T = —  4 2WLV (Efi+Mß) (Ea -Ma ) V (Bs - V  < W J(3 8 '
(5 -^7)
O M )
and th e  r e v e rs e  r e l a t i o n s
G, = V (E ,  + Mß)(Ea  - Ma ) [- (W Mß )T4] , (3 .^9)
Gg = V  (E3 -  Mß ) (Ea  + Ma ) [Tg + (W + M0 )T4] , (3 .50 )
where and a re  fu n c tio n s  o f th e  t o t a l  c e n t r e  o f mass energy
W and o f  \  w ith
X = cos0 (3 . 51)
where 0 i s  th e  a n g le  betw een £  and q . We can expand
G and G as 1 2
V*M w a ) = )st + (w)p| +1 (x) - y  g ^ y w jP ^ y x )  ,
1 -t^ o (3 . 52)
r —I oo
G2(w,x) = ) (s^ .(w ) -  gu (W )]P|(X) , (3 -53)
where g^ (W ) a r e  th e  p a r t ia l-w a v e  a m p litu d e s
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g^ +(W) = ijdX[Gi (V,X)Pt(X) + G2(w,x)Pt+1 (X)] . (3-51*)
The corresponding relations for the parity-violating amplitudes 
can be obtained by making the following changes in eq. (3*^7) to
(3- 5^ ):
- M — > E + Ma a a , E + M — > E - M ,oc a a a (3-55)
T2 — > T, , t 4 — > t3 , (3-56)
G, - >  F, , g2 — > f2 , (3.57)
1 V *»  • (3-58)
h. Pion-baryon intermediate-state contribution to the absorptive 
amplitude A(s,t)
4.1 General form of pion-baryon intermediate-state 
contribution to A(s,t)
In general, for each decay mode there is more than one 
possible pion-octet baryon intermediate state |n) in the expression 
(3*18) for A(s,t) . For the present, we pretend that there is 
only one such state; later, we give the relevant isospin 
decomposition.
We can use either an ‘'out' or an 'in' state for the 
intermediate state |n) in eq. (3.18). To explicitly maintain
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the reality of the A^(s,t) we use the trick due to 
Goldberger and Treiman D95Ö] of taking one-half the sum over 
an 'out' and an 'in'' state. Then from eq. (3*18), (3*32) 
and (3.^5) we get
A(s,t) = -■ ■■"■—  Re V  54 (pR + k - p - k') x
spinp
X <ß|ß(c)(o)|p,iT’,(+)><p,*’,(+)| - iHN L (0) |a> .
(3.59)
Using eq. (3.3*0 and (3-10), we can rewrite eq. (3.59) as
ü(p^)[Ai(ßa) + A2 (ßa)y5 + iy.k{A3(ßa) + A4(ßa)y5)]u(pQ!)
(2jt)
spinp 7^F
M
EP P
d3k ’ 
2w'
X b4(p^  + kp“ pp - k'){ü(p^)[- A (ßp) + iir. (k + k’)B* (ßp)]u(pp)}
X (ü(pp)[T1(pa) + T2(pa)r5 + ir-k'{T3(pa) + T4(Po)r5) W p a))
(5.6o)
where (30:) , (ßp) and (po) indicate the baryons and, consequently, 
the momenta involved in each amplitude (see diagram (a) of 
figure 3). The sum over the spin of the baryon p and the 
integration over momenta can be easily performed by first going 
to the ß - it centre of mass system and expressing all the weak 
and strong amplitudes in terms of the partial-wave expansions
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g iv en  in  s e c t io n  3- In  te rm s o f  p a r t ia l-w a v e  a m p litu d e s , 
t h i s  r a th e r  te d io u s  p ro ced u re  y ie ld s  th e  r e s u l t  (a lso  g iv e n  by
W atanabe [1 968 ] )  t h a t
a b s . g^+ (ßa) = M  H e[a^+ (ßp)g^+ (p a )]  , (3 . 6 1 )
a b s .  f ^ + (ßa) = |k |  R e[a*+ (ß p )f^ + (p a )]  , (3 . 6 2 )
where f -t± - S t± a a r e  fu n c tio n s  o f th e  t o t a l ß “ TC
c e n tre o f  mass en e rg y W . The Ai (ßa) can be w r i t t e n in  term s
o f  th e  T\ (pa) by u t i l i z i n g  th e  p a r t ia l-w a v e  d ecom position  g iv en  
in  s e c t io n  3 j th e  r e s u l t s  a r e  l i s t e d  in  s e c t io n  1 o f  append ix  1 .
4 .2  A pproxim ations f o r  p io n -b a ry o n  s c a t t e r i n g  p a r t ia l-w a v e  
am p litu d es
In  o rd e r  to  e v a lu a te  th e  a b s . g^+ (ßa) and a b s . f ^ + (0a) 
o f  eq . (3*6 l) and (3-62) o r  th e  A ^(ßa) o f  append ix  1 we need 
to  know th e  e x p l i c i t  dependence o f  th e  p io n -b a ry o n  s c a t t e r in g  
p a r t ia l-w a v e  a m p litu d e s  a (ßp) on th e  t o t a l  c e n tre  o f  mass 
energy  W . S in ce  th e s e  p a r t ia l-w a v e  a m p litu d e s , ex ce p t f o r  
p io n -n u c le o n  s c a t t e r i n g ,  a re  no t w e ll  known, we u se  a resonance 
a p p ro x im a tio n .
We make th e  fo llo w in g  a p p ro x im a tio n s :
(1) We n e g le c t  a l l  i n e l a s t i c  e f f e c t s  in  p io n -b a ry o n  s c a t t e r in g  
so t h a t  we can ta k e  th e  phase s h i f t s  to  be r e a l .  We observe
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that if we had used only 'out' intermediate states in eq. (3.1Ö), 
instead of one-half the sum over ’out' and 'in' states, we 
would have obtained
abs. g£+ (0a) =
abs. f^+ (0a) =
|k| a*+ (0p)g^+ (pa) ,
|k| a£+(3p)f^+(pa) >
(3.63)
(3.64)
instead of eq. (3.6l) and (3.62). Using expression (3.44) for 
a. (ßp) 1 we have for eq. (3.6l) and (3*63), for example,
abs. g^+(ßa) = Re[(e sin6^+)*g^+(pa) ] , (3.65)
f 4- *abs. g^+ (ßa) = (e sin6^+) > (3.66)
where 5^ + are the phase shifts for the process p + it' — > 0 + n . 
In the approximation that the phase shifts are real, eq. (3*65) and 
(3*66) indicate that
g£+(Pa ) = e g^+ (pa) (3.67)
where the g£+ (p°0 are real (similar procedures are often 
followed in final-state interaction calculations; for example 
see Barton [1965])- Therefore, we take
abs. g^+ (0a) = sin6^+ g^+ (pa) , (3.68)
abs. f^+ (0a) = sin&^+ *u(pa) > (3.69)
where g^+ (po:) and f^+(pa) are both real; the corresponding 
modification in the amplitudes A_^ (ßa) given in section 1 of 
appendix 1 is obvious.
(2) We take sin6^ + to be zero except near resonances:
sinbl± s= 1 for M*± - * rt± < w < Mt± + i , (3.70)
sin8t± s= 0 otherwise, (3.71)
V and r^+ are the masses and widths of resonances
in the corresponding pion-baryon partial-wave scattering amplitudes.
Note that more realistic forms of sin5„ near resonances could
l±
be used; however, the choice of the forms (3*70) and (3-7"!) 
greatly simplifies our calulation and, furthermore, probably 
does not seriously affect our conclusions.
(3) We include resonances in only the s and p partial-wave 
amplitudes. The reason for neglecting the resonances in the 
other partial-wave amplitudes will become evident in section 6 
where we also drop the 1 + partial-wave (the 1+ partial-wave 
is retained here for illustrative purposes only).
4.3 Approximations for weak amplitudes appearing in A(s,t)
Eq. (3-68) and (3.89) or the A^Cßa) listed in section 1 of 
appendix 1 show that the absorptive parts of the amplitudes for 
the process a + q — > 3 + rt involve the weak amplitudes for the
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s im i la r  p ro cess  a  + q — > p + jt* • T his means t h a t  th e  
d is p e r s io n  r e l a t io n s  (3.1*0 and (3 . 15) g iv e  a s e t  o f  i n t e g r a l  
e q u a tio n s  l in k in g  th e s e  weak a m p li tu d e s . We do n o t a tte m p t 
to  so lv e  th e s e  i n t e g r a l  e q u a tio n s  f o r  th e  weak a m p litu d e s . 
I n s te a d ,  we approx im ate  th e  g (pa) and f  (pa) a p p e a r in g  in
A y"T  \ / T
eq . (3-68) and (3 -69) by th e  r e a l  p a r t s  o f th e  p a r t ia l-w a v e  
am p litu d es  a r i s i n g  from  th e  e q u a l- tim e  com m utator and o c t e t  
baryon  p o le  term s th a t  we c a lc u la te d  in  s e c t io n  2 . In  a s e n se , 
t h i s  p ro ced u re  can be c o n s id e re d  as  a f i r s t  i t e r a t i o n  o f  th e  
i n t e g r a l  e q u a t io n s .
We make th e  fo llo w in g  ap p ro x im atio n s  f o r  th e  e q u a l- tim e  
com m utator te rm  a [E .T .C .]  o f  e q . (3 «3) and (3.1*0 and th e  o c te t  
baryon  p o le  te rm s T o f  e q . (3 .2 5 ) :
(1) As in  c h a p te r  2 ,  we ta k e  SU3 sym m etric v a lu e s  f o r  th e  
c vf  and f  in  th e  b a ry o n -b ary o n  weak t r a n s i t i o n s  g iv e n  in  
eq . (3 .2 0 ) and (3 .2 1 ) .  Then f V ~  0 so t h a t  a[E  T. C. ]  
c o n t r ib u te s  to  o n ly  th e  p a r i t y - v i o l a t i n g  am p litu d es  w hereas TB
c o n tr ib u te s  to  o n ly  th e  p a r i ty - c o n s e rv in g  a m p litu d e s . F urtherm ore  
c
we ta k e  f  to  be in d ep en d en t o f momenta; we make t h i s
ap p ro x im atio n  because  we have no sim p le  method o f  d e te rm in in g
o
th e  dependence o f  f  on momenta.
(2) As in  c h a p te r  2 ,  we ta k e  o c t e t  dominance f o r  f C , T his 
means t h a t  we s e t  b = 0 in  th e  p a r i t y - v i o l a t i n g  am p litu d es  
l i s t e d  in  t a b l e  2 an d , fu r th e rm o re , t h a t  we w i l l  n e c e s s a r i ly  g e t
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IAI I = sum rules for the contributions to the amplitudes 
from pion-baryon intermediate states.
(3) We set M* = MQ and M.. = 1V1 in the octet baryon poles p c, a
terms given in eq. (3-25).
We denote by i\(pa) the amplitudes whose partial-wave 
amplitudes are the g (pa) and f (pa) that appear in eq. (3-68)
■V+ •V+
and (3»69) and which we now approximate by the equal-time 
commutator and octet baryon pole terms. Using the approximations 
discussed in the previous paragraph, we have
ü(p) T1 (pa)u(a) = a[E.T.C.(pa)] (3-72)
T2 (pa) _ V SPifia V  V gta (3-73)Lt* 2M / 2M 7P C P
T3 (pa) = 0 , (3.7*0
? (pa)4 -E.gp|f6a , V  fot8tas - M2 —1 t u -p b a (3-75)
4.4 Dispersion integrals involving AJ(s,t)
Using the approximations discussed in the previous parts of 
this section, we get the results listed in section 2 of appendix 1 
for the absorptive parts A_^ (s ,t = 0) due to pion-baryon 
intermediate states. We can now substitute these A^(s,t = 0) 
into the dispersion relations (3*1 4) and (3.15) and evaluate
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th e  r e s u l t i n g  i n t e g r a l s .  In  th e  f i n a l  i n s t a n c e > we a re  in te r e s te d  
in  o b ta in in g  th e  hyperon  decay am p litu d es  w hich co rresp o n d  to  th e  
a m p litu d e s  T\ a t  z e ro  sp u r io n  momentum q . For q = 0 we 
have PQ = P 3 + k  , s = and u = so  t h a t ,  from  eq . (3 -1 0 ) , 
th e  d e s ir e d  am p litu d es  a re
(s=^g,t=0)
(s= f£ ,t= 0 )
= RetT, (s= *g ,t= 0 ) + {Mß-Ma }T3 (s = fg ,t= 0 )]  
= Re[Ts (s« ^ (f t« 0 ) + {Mg4Ma )T4 ( s ^ f  ,t= 0 ) ]
f o r  p a r i t y - v i o l a t i n g  and p a r i ty - c o n s e rv in g  decays r e s p e c t iv e ly  
( th e  im ag inary  p a r t s  o f th e  a m p litu d e s  a re  sm a ll a t  q = 0) .
We g e t th e  fo llo w in g  c o n t r ib u t io n s  to  th e  hyperon  decay 
am p litu d es  f o r  th e  mode oc — > 3 + jt from  th e  A ^ s ^ t  = 0) l i s t e d  
in  s e c t io n  2 o f  append ix  1 and th e  d is p e r s io n  r e l a t i o n s  (3*1*0 
and (3 .1 5 ) :
(s 0 )
Ma-Me
n
s in ö  , T dW o+  i
(W-MJ (W-Ma )
s in 6  f  dW
i  -  1
(W + M g )  (W + M a )  ’ (3.78)
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T (s = =  0)pc cv
M + MLa  0 sin S  , T dW o+ 2 s in d  T0dWl -
(W-Mpj (W+Ma ) + J(W+Mß ) (W-Ma )
Ma  + Mg gin6 + 0 * ^ , 1 ^  
0+  w8 - • €
r , .  [(W+Mc A . o  + (W- Ma ) f 4>1]+ / s in ö  ---------------- 1-------------------- 2—  dW
^  1" W2 -  M2a
+ 2 / s in ö .
[ (W-Ma ) f 4 i i + ( W 4 ^ ) f 4 [ g ]
dW
W2 - M2a
, (5.79)
where th e  p r in c i p a l  v a lu e  f o r  each  i n t e g r a l  sh o u ld  he ta k e n  and 
we have in tro d u c e d  th e  n o ta t io n  W = nTs ' . The T1 and T2 
can he ta k e n  d i r e c t l y  from  eq . (5*72) and (3 -7 5 ) ;  good 
ap p ro x im atio n s  to  th e  T t> a re  (see  s e c t io n  3 o f  append ix  1 fo r4 y 'V
th e  d e f i n i t i o n  o f  and th e s e  a p p ro x im a tio n s ) :
4,0 (pa) y fgilsg, + V
I w2 -  M2 
P
f °  gp r t a
' ' t  W2 - M2 
P
wra
T4>,(p a ) y f p t g Cat W2 - M2
P L
1 (W‘ Ma^
T (pa) =
4,2 M
f pCs Ca 
W2 - M2
(3 .80)
(5.8l)
(3 .82 )
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The limits of the integrations in eq. (3 .78) and (3*79) are 
determined hy the choice of sin6^+ given in eq. (3-70) and 
(3 .71), namely,
sinSU  = 1 for \ + - i  V1±<V <illi± + ^ Ti± ’ (5-83)
sin6^+ = 0 otherwise.
5• Pion-baryon intermediate-state contribution to the 
absorptive amplitude A(u,t)
We now consider the contribution of pion-octet baryon 
intermediate states to A(u,t) of eq. (3.19) which corresponds 
to diagram (b) of figure 3. Since A(u,t) is completely 
in the unphysical region we follow the standard procedure of using 
a crossing relation (for example, see Omnfes and Froissart [19^3] 
or Jacob and Chew [1964]). Crossing gives the following 
relation between the matrix elements for the processes 
a + (-q) — > ß + j ( - k )  and ß + q — > a + j/ (k) :
-iHjjJO) |a) = <e|-lHHL(0)|a,It('c)(k),(+)>
= - <a,J'c)(k),(+)|-iHNL(0)|ß>*
(3.85)
This means that corresponding to the diagrams in figures 2 and 3
there exist the diagrams of figure 4 for the crossed process 
(-c)ß + q — > a + it (k) . In order to evaluate the u channel
-  9 7 -
Figure 4» Diagrams for the crossed process 3 + q — * a + n
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pion-baryon intermediate-state contribution to the process 
(c)
O L + q — > ß + it , we calculate the corresponding contribution
from the s channel (diagram (d) of figure 4) of the crossed
(-c)process ß + q — > a + (k) and use the crossing relation
(3.86) to obtain the required absorptive parts of the amplitudes.
Using this procedure and approximations for the strong and
weak amplitudes similar to those made in section h, we find that
(c)the contribution to the decay amplitudes of a  — > 6 + n from 
pion-baryon intermediate states in the u channel can be expressed 
by changing
-> M,ß ' Mß Ma (3.86)
.(c) (-C)sin6^(p + — > ß + ') — > s.in5^+(a + — > a + )
(3.87)
in the results given for the s channel in eq. (3*78) and (3*79) 
and assigning the following meaning to the :
■ü(ß)T1 (ßo)u(a) = a[E.T.C.(ßa)] (3.88)
T (sa) - V + V ßl 1°2(0O) " L t 2Ma + 2Mß > (3.89)
T (ßo)4,0 l
fßCga y g fc6ßl 6 a£ W2 - M2 W2 - M2b a b a
W
M, (3.90)
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* 4 , i  = y g3ifeo
- «I6 w2
i (w- v
3 Mg }
T
4,2
( 00 ) 831f jq
I  w2  - M2
o
15
W-M,
ß
(3.91)
(3-92)
6 .  E v a l u a t i o n  o f  t h e  d i s p e r s i o n  i n t e g r a l s
We now c o n s i d e r  t h e  e v a l u a t i o n  o f  t h e  d i s p e r s i o n  i n t e g r a l s
(3 . 78 ) and- (3 * 7 9 ) a n d  t h e  c o r r e s p o n d in g  u  c h a n n e l  i n t e g r a l s  
( s e e  s e c t i o n  5) w i th  t h e  r e s o n a n c e  a p p r o x im a t io n  g iv e n  i n
e q .  ( 3 .8 3 )  a n d  ( 3 . 8 4 ) .  The r e s o n a n c e s  t h a t  we c o n s i d e r  i n  t h e  
s -  an d  p -w av e  p io n - b a r y o n  s c a t t e r i n g  a m p l i tu d e s  a r e ,  i n  t h e  
n o t a t i o n  o f  R o s e n f i e ld  e t  a l  [ 1968] ,  t h e  5  r e s o n a n c e s
N (1550) , N* ( l  7 1 0 ) , A ( l6 4 o )  a n d  A(l4c>5) i n  t h e  0+  p a r t i a l  
w a v e s , t h e  =  j>+  r e s o n a n c e  N ’ ( l4 7 0 )  i n  t h e  1 -  p a r t i a l
w av e , an d  t h e  d e c u p le t  r e s o n a n c e s  i n  t h e  1+ p a r t i a l
w a v e s .
The k i n e m a t i c a l  s t r u c t u r e  o f  t h e  d i s p e r s i o n  i n t e g r a l
(3.79) a n d  of t h e  q u a n t i t i e s  i n  s q u a r e  b r a c k e t s  i n  t h e  T .
4 ,  *0
g iv e n  i n  e q .  (3 .Ö0 ) t o  (3 *8 2 ) i n d i c a t e s  t h a t  we w o u ld  o b t a i n  very- 
s m a l l  c o n t r i b u t i o n s  fro m  r e s o n a n c e s  i n  1+ p a r t i a l  w a v e s . 
T h e r e f o r e ,  we d ro p  t h e  te rm  w h ich  in v o lv e s  sinÖ ^ + i n  e q .  (3-79)> 
t h a t  i s ,  t h e  te rm  w h ich  i n v o lv e s  th e  d e c u p le t  r e s o n a n c e s .  B ecau se
of the kinematical structure of the 1\ „ similar considerations 
would hold for higher partial waves; we retained the 1 + partial 
wave up to now only to illustrate this point. We do not believe 
that this result necessarily indicates that resonances other than
pthose with 0 = 2  do not play an important role in non-leptonic
hyperon decays. Rather, we take the attitude that, because of the
procedures adopted in this calculation, this calculation yields no
information on the importance of resonances other than those 
+
with J = jf~ .
The total s-wave amplitude now consists of the equal-time
commutator term given in eq. (3*3) and the first term of
eq. (3*70) and the corresponding term in the u channel (see
section 5)* The total p-wave amplitude consists of the octet
baryon pole terms (3*26) and the contribution from eq. (3-79) and the
corresponding contribution from the u channel. Since the
phase shifts 6q+ and 5^  appearing in eq. (3.7Ö) and (3.79) are
phase shifts for pion-baryon scattering in specific isospin
states we must perform an isospin decomposition on the weak
amplitudes. The relevant decomposition for each decay mode is
listed in section 4 of appendix 1 .
The total amplitudes involve the f defined in eq. (3.20)
and the pion-baryon pseudoscalar coupling constants g as well as
the masses and widths of resonances. In order to estimate the
+
contribution from the resonances with JP = \ we follow the
101
p ro ced u re  o f s e c t io n  6 o f c h a p te r  2 f o r  th e  e q u a l- tim e
com m utator and o c t e t  baryon p o le  term s and ad o p t th e  same v a lu e s  
0
fo r  th e  f  and g . Then th e  c o n t r ib u t io n  from th e  e q u a l- tim e  
com m utator and baryon  p o le  te rm s i s  th e  same a s  g iv en  in  
t a b le  4 o f c h a p te r  2 (page 6 2 ) . The i n t e g r a l  in  eq . (3*78) i s  
e a s i l y  e v a lu a te d . We g iv e  th e  r e s u l t s  o f o u r c a l c u la t io n  o f 
re so n an ce  c o n t r ib u t io n s  to  th e  s-wave am p litu d es  in  t a b le  5*
In  t a b l e  6 we g iv e  two s e t s  o f  n u m e rica l r e s u l t s  f o r  th e  resonance 
c o n t r ib u t io n s  to  th e  p-wave a m p litu d e s . We o b ta in e d  th e  s e t  (a) 
by p u t t in g  W in  eq . 0 . 8 0 ) ,  (3*81) and (3 -9 1 ) e q u a l to  th e  mass 
o f th e  re so n an ce ; e v a lu a t in g  th e  i n t e g r a l s  e x a c t ly  would change 
th e se  v a lu e s  by l e s s  th a n  10$. We have in c lu d e d  th e  s e t  (b ) , 
o b ta in e d  by p u t t in g  W = in  eq . (3*80) and (3*8 l) and 
W =Mg in  eq . (3*90) and (3*9 l ) j  to  i l l u s t r a t e  th e  ty p e  o f  
r e s u l t s  t h a t  a re  o b ta in e d  when th e  am p litu d es  o f  th e  baryon  p o le  
te rm s w hich a re  p u t in to  th e  a b s o rp t iv e  p a r t s  a re  a s s ig n e d  a 
c o n s ta n t  v a lu e  e q u a l to  t h e i r  v a lu e  when th e  sp u r io n  momentum 
q i s  z e ro .
7* D isc u ss io n  and c o n c lu s io n
An a tte m p t was made to  e s t a b l i s h  th e  r e l a t i v e  im portance 
o f baryon  re so n an ces  in  n o n - le p to n ic  hyperon  d e c a y s . The c a lc u la t io n  
was c a r r i e d  o u t w ith in  a d is p e r s io n  r e l a t i o n  fo rm u la tio n  o f  th e
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Table 5* Contribution from = \ resonances to s-wave amplitudes.
i decay
i
i
tcontribution to S 
X 1 0 “7
N(l 5 5 0 ) N* (l 7 "10 ) A(l64o) a(i4o5) N ’ (1 4 7 0 )
A °
»1
+0.09 +0.12
i
0 0 -O.OO6
t!< d1•01 +0.11 -O.i 4 +0.006
1
E +
0
!
1
-0.08 ! -0.10
i
-0 . 1 5 0 +0 . 0 0 4
i
l
0 0
!
+0 . 3 3 *
01 0
E *
;
0 i 0 0 0 0
i " !
i
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T able 6 . C o n tr ib u tio n  from  ^  re so n an ces  to  p-wave a m p litu d e s ,
(a) W = reso n an ce  mass in  eq . ( 3 .8 o ) ,  (3*81) (3-90) and (3 .9 1 )*
decay c o n t r ib u t io n  to  P 
X 10“7
N(i 550) N' (1710) a ( i 64o) A (l405) N' (1470)
A! - 0.019 -0 .0 3 5 0 0 +0.022
< -0 .0 4 8 -0.091 +0.002 - o . o43 +0.439
E+0 -0 .0 3 4 - o .o 6 4 -0 .003 0 +0.310
z ” 0 0 +0.007 -0 .043 0
0
1
0 0 0 0
■
(b) W = M in  eq . (3 .8 o ) and (3.81 ) ;  W = M in  eq . (3«90) and (3»91 )»LX p
decay c o n t r ib u t io n  to  
X 10"7
p
N(1550) N' (1710) A (l64o) a ( i 4o5) r  (i 470)
—
A° - 0 .0 2 4 - 0 .0 4 3 0 0 +0.047
< -0 .0 3 7 - 0 .0 4 9 +0.007 -0 .0 6 0 +0.870
E+0 -0 .0 2 6 - 0 .0 3 5 -0 .0 0 9 0 +0.620
E~ 0 0 +0 .0 2 0 -0 .0 6 0 0
H" 0 0 0 0 0
_____________
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CA-PCAC method which has been developed by Okubo [19^7 ]* In the 
usual calculations (for example, see Okubo [1967^ 1968]) the 
resonances are treated in a pole approximation. Here, a 
resonance approximation was used for pion-octet baryon scattering 
amplitudes that appear in the absorptive parts of the weak 
amplitudes when pion-octet baryon intermediate states are 
included. The equal-time commutator and octet baryon pole 
terms were used in an approximation of the weak amplitudes that 
are involved when pion-octet baryon intermediate states are 
included. It was hoped that this procedure would give 
more reliable information on the importance of the resonances 
than the simple pole approximation.
In evaluating the reliability of our method of estimating 
the relative importance of the baryon resonances it is necessary 
to consider our major approximations. In regard to the 
pion-octet baryon scattering amplitudes, although our resonance 
approximation, eq. (3»70) and (3•71)  ^ is very crude, it is 
probably not the main source of error. Note that this resonance 
approximation is not a basic difficulty because more realistic 
forms for the resonances could be chosen and, moreover, the 
resonance approximation could be removed completely if the 
scattering amplitudes were sufficiently well known. However, 
it is probably worthwhile to make this simplifying approximation 
in the first attempt at this tedious calculation. The basic
-  105 -
limitation of our calculation is that the equal-time commutator 
and octet baryon pole terms were used in an approximation of 
the weak amplitudes that are involved in the absorptive parts 
(see section 4). It is not only impossible to justify but 
also difficult to improve this approximation.
With the limitations of these approximations in mind, let 
us consider our results. As noted previously, the kinematical 
structure of the dispersion integrals (5*78) and (5-79) and of the 
T\ given in eq. (5.72) to (3*75) and eq. (3.80) to (3*82) 
immediately leads to the result that by this calculation small 
contributions would be obtained from resonances other than
pthose with J = 2 • However, this result is intimately
connected to our approximation of the weak amplitudes involved in
the absorptive parts by the equal-time commutator and octet
baryon pole terms and, therefore, it would be unsafe to
P 1—conclude that resonances other than those with J = 2 are
in fact unimportant. On the other hand, note that an
examination of the structure of the pole approximation has led
Okubo [1987] to the claim that it is reasonable to assume that
resonances with JP = | are unimportant.
Let us now consider the numerical results in tables 5
P ±and 6 for resonances with J = -J . The dominant feature of
P 1-the s-wave amplitudes is that resonances with J =2  give 
larger contributions than N'(l^70) which has J = 2 •
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Perhaps i t  i s  b e s t  to  compare th e  c o n t r ib u t io n  from N ' ( l 4 7 0 ) ( r  = 210)
w ith  t h a t  from  N ( l 5 5 0 ) ( r  = 130) and N’ ( l 7 1 0 ) ( r  = 300) .
Then i t  i s  e v id e n t t h a t  th e  l a r g e r  c o n t r ib u t io n  from  reso n an ces  w ith  
P l -J = 2  a r i s e s  even though th e s e  re so n an ces  have l a r g e r  m asses 
th a n  N ' ( l 470 )  and com parable w id th s . T hat t h i s  f e a tu r e  shou ld  
r e s u l t  i s  obv ious from  an  ex am in a tio n  o f  th e  s t r u c t u r e  o f th e  
d is p e r s io n  i n t e g r a l  (3*70). For p-wave a m p litu d e s , t a b le s  
6 (a )  and 6 (b ) show t h a t  when th e r e  i s  a s u b s t a n t i a l  c o n t r ib u t io n  
i t  comes from N ' ( l ^ 70) ;  th e  l a r g e s t  c o n t r ib u t io n  comes from
th e  te rm  in  eq . (3*79) in v o lv in g  b o th  s in ö  and T .
1  -
The r e s u l t s  in  t a b le s  5 and 6 a r e ,  a t  b e s t ,  q u a l i t a t i v e .
However, a  com parison  o f  th e  r e l a t i v e  m agnitudes o f  th e  resonance  
c o n t r ib u t io n s  w ith  th o se  o f th e  e q u a l- tim e  com m utator and o c t e t  
baryon  p o le  term s g iv en  in  t a b l e  4 on page 62 shows t h a t  th e  
c o n t r ib u t io n  from  each  reso n an ce  i s  c o m p a ra tiv e ly  sm a ll ex ce p t f o r  
th e  p-wave E decay am p litu d es  l i s t e d  in  t a b l e  6 (b ) . For 
t h i s  c a s e ,  th e  E* am p litu d e  from N’ ( l^70)  i s  ab o u t 20 °jo o f  
th e  am p litu d e  from th e  p o le  te rm s . As d e s c r ib e d  in  s e c t io n  6 o f 
c h a p te r  2 ,  th e  p-wave E+ am p litu d e  from  th e  p o le  te rm s i s  sm a ll 
when a good f i t  to  th e  e x p e r im e n ta l s-wave am p litu d es  i s  made 
w ith  th e  e q u a l- tim e  com m utator te rm . Perhaps th e  p-wave 
am p litu d e  i s  in  f a c t  enhanced by N' (1^70)  ; how ever, because  
o f th e  ap p ro x im atio n s  t h a t  w ere used  and th e  s e n s i t i v i t y  o f  t h i s  
r e s u l t  to  th e  way th e  o c te t  baryon  p o le  te rm s a re  t r e a t e d
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(compare the £+ p-wave amplitudes in tables 6(a) and 6(b)), 
any such speculation is rather rash.
The reader may well ask if our conclusions on the relative
P *importance of resonances with J = -p are any more reliable than 
those that could be reached by examining a pole approximation.
In a pole approximation the coupling constants at the weak 
vertices associated with resonances are unknown and, consequently, 
the relative importance of resonances can be judged only if a 
reasonable guess at the magnitude of these coupling constants 
can be made. The corresponding unknown quantities in our 
calculation are the weak amplitudes which appear in the absorptive 
parts of the amplitudes; corresponding to the guess at the 
magnitude of the coupling constants in our replacement of the 
weak amplitudes in the absorptive parts by the equal-time 
commutator and octet baryon pole terms Then our calculation 
would yield more reliable results if our method of using the 
equal-time commutator and octet baryon pole terms provides a 
reasonable approximation to the weak amplitudes even at the 
resonances. Although these terms may give roughly the correct 
relative magnitudes for the amplitudes at the resonances, final- 
state interaction calculations (for example, see Barton [1965]) 
indicate that this could scarcely be the case for absolute magnitudes.
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It is our opinion that, because of the uncertainties
involved, there is little point in pursuing any further the
type of calculation presented in this chapter by, say, including
kaon and K* pole terms, which were ignored here, in the
calculation of the absorptive parts of the amplitudes arising
from pion-octet baryon intermediate states. Perhaps a more
worthwhile project would be a final-state interaction calculation
of the type performed by Okubo et al [1959]« With recent
data on pion-nucleon scattering it may be possible to calculate
more realistically the effects of final-state interactions and,
at the same time, to check on the relative importance of 
p l -
resonances with J = 2 in A and £ decays. Furthermore, 
such a calculation may yield evidence that, for example,
N'OVfO) enhances the £* p-wave amplitude.
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Chapter 4
S-WAVE NON-IEPTONIC HYPERON DECAYS IN A QUARK MODEL 
1. Summary
In this chapter we investigate s-wave non-leptonic hyperon 
decays in a non-relativistic hound-state quark model of haryons 
without resorting to either current algebra or the PCAC hypothesis.
As mentioned in section 3 of chapter 1 , the non-relativistic quark 
model method often yields results similar to those obtained by the 
CA-PCAC method. We constantly compare the results obtained in 
this chapter with those obtained from the equal-time commutator 
term in the CA-PCAC method (throughout this chapter it is to be 
understood we compare the results with only the equal-time commutator 
term) because the similarity is particularly striking in this case.
In section 2 we describe the quark model that we use and 
formulate our method of calculating the matrix elements for 
the s-wave decays. We take the baryons to be non-relativistic 
bound states of three quarks but treat the pions as though they 
have no quark structure. Note that there is no inconsistency in 
such a treatment; the baryons and pions are simply considered at 
different levels of structure. We consider the s-wave decays 
to be due to the emission of a pion at vertices involving two, 
four or six quarks (these are referred to as
no
single-, two- or three-quark transitions respectively) hut, 
except for a brief discussion, we neglect the three-quark 
transition. As mentioned in section 3 of' chapter 1 ,
Chan [19^6] and also Badier [19^7] have previously considered 
the single-quark transition without choosing any particular 
Hamiltonian; however, we assume that the Hamiltonian (l. 4o) is the 
primary interaction. In order to obtain sum rules for the 
s-wave amplitudes we formulate a method of using the symmetry 
properties of this Hamiltonian and assumptions about baryon 
structure to construct effective Hamiltonians for the quark 
transitions.
In section 3 we construct the effective Hamiltonian for the 
single-quark transition and calculate its matrix elements. This 
calculation of the contribution to the amplitudes due to the 
single-quark transition essentially reproduces the results obtained 
by Chan [1966], In section 4 we calculate the matrix elements
due to the two-quark transition and find that the resulting 
amplitudes satisfy exactly the same sum rules as obtained by the 
CA-PCAC method. The three-quark transition, which we 
consider briefly in section gives no sum rules other than 
those that can be obtained by using only SU3 symmetry.
If we neglect the contribution from the three-quark transition 
we get exactly the same sum rules as those obtained by the 
CA-PCAC method. However, the sum rules are derived here without
re c o u rse  to  c u r r e n t  a lg e b ra  o r  th e  PCAC h y p o th e s is .  In  s e c t io n  
5 we g ive  a d is c u s s io n  o f th e  r e l a t i o n  betw een t h i s  quark  
model method and th e  CA-PCAC method to  i l l u s t r a t e  why we g e t th e  
same sum r u l e s .
In  append ix  2 we b r i e f l y  c o n s id e r  a t h r e e - t r i p l e t  and a 
q u a r te t  model o f baryons and g e t e s s e n t i a l l y  th e  same r e s u l t s  
as  th o se  o b ta in e d  in  th e  quark  m odel. However, th e  q u a r te t  
model d i f f e r s  from th e  o th e r  two m odels in  t h a t  tw o - p a r t ic le  
t r a n s i t i o n s  must be p re s e n t  in  o rd e r  to  y ie ld  any re a so n a b le  
agreem ent w ith  th e  e x p e r im e n ta l a m p litu d e s .
2 .  N o n -lep to n ic  t r a n s i t i o n  o f  th e  quark  bound s t a t e
We assume th e  C P - in v a r ia n t ,  c u r r e n t  x  c u r r e n t ,  V -  A 
H am ilton ian  (l.4o),
hnl = | " cose  s in 0 { £ o V (1 + rs)p0)-{p0r 0  + r5)xo) + h .c  . 
' ,2  (4 .1 )
where q (p o ,n o ,k Q) i s  th e  quark  t r i p l e t  f i e l d ,  as th e  p rim ary  
n o n - le p to n ic  weak H am ilto n ian . Note t h a t  in  th e  p rim ary  
H am ilton ian  th e  quark  f i e l d s  a re  b a re  f i e l d s  and do n o t d i r e c t l y  
co rresp o n d  to  th e  re n o rm a liz ed  quark  f i e l d s  in  a bound s t a t e .
In  th e  fo llo w in g  c a lc u la t io n  we assume SU3 symmetry f o r  th e  
s tro n g  in t e r a c t io n s  and use  f u l l y  th e  symmetry p r o p e r t ie s  o f t h i s  
H am ilto n ian ; t h a t  i s ,  we u se  C P -in v a rian ce  and th e  symmetry
under the exchange of nQ and \ or, in other words, the
symmetry under the exchange of the indices '2 * and *3*
of the usual SU3 notation (that is, the notation used by
Okubo [19^2] and de Swart [1963])•
Next we assume that the baryons are non-relativistic
bound states of three quarks and that the transition matrix
( c )element for the hyperon decay a — > ,3 + re can be written, 
much like in nuclear physics, as
<ß +
%y (ßki^^Xq.!
•^1 f(^ 2 } ^ 3
(*.2)
where means a Tamm-Dancoff representation (see
Dyson [1953]) of a state of three quarks each having an 
effective 'renormalized' mass M ^  . Webtake the baryon states 
|a) and 13) to be composed of such quarks.
We assume that the s-wave decays are due to pion emission 
accompanied by a single-, a two-, and a three-quark transition.
We also assume additivity (Lipkin and Scheck [1966]) for the 
three types of transitions and that these transitions have no 
dynamical influence on the quarks not involved in the pion emission. 
These transitions are illustrated in figure 5* Now we can take
- / 13-
Figure 5. Pion emission by a bound state of three 
quarks through (a) a single-quark,
(b) a two-quark and (c) a three-quark
transition.
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* <41,,q^ J^ ;«(c)|)  5 H,(l) + V5
1 2 3  1=1 ' i£)=1 '2
where , and } are the effective
Hamiltonians for pion emission accompanied by an i-th single- 
quark, an i,j-th two-quark, and an i,j,k-th three-quark 
transition respectively. The summation in eq. (4.3) runs 
over the constituent quarks of the baryon state. Except for 
a brief discussion in section 5> we neglect the three-quark 
transition. Note, however, that the three-quark transition 
would probably not yield a minor contribution if there is a 
substantial three-quark force as suggested by Schiff [1966].
In the following calculation of the effective Hamiltonians 
ii1 and M and their matrix elements we assume that the 
baryon states |a) and |ß) belong to the 56 representation 
of SU6 (see Van Royen and Weisskopf [1967] for the quark 
structure of such states) and, furthermore, that all the quarks 
are in S-states. We apply ordinary statistics for the quarks 
in the course of calculation. This means that the quarks are 
in S-states which have, say, different principal quantum 
numbers; however, these quantum numbers do not affect our
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calculation. We also neglect the recoil energy-momentum of 
the quarks taking part in the pion emission. This 
approximation can be expected to result in an error of the order of
(Ap) (4.4)
eff eff
the largest error, about 30°/o , would occur in a scalar - 
potential model (see Van Royen and Weisskopf [19^7]) where the 
effective quark mass is about 400 MeV . Furthermore,
we assume that energy and momentum are conserved at the vertex where 
the pion is emitted. In the limit of no recoil this assumption 
becomes equivalent to the assumption that the pion has zero 
f our-mome ntum.
3. Single-quark transition
We now construct the effective Hamiltonian H  for the 
single-quark transition (figure 5a)* It is sufficient to 
take
I I-, = a{q 0(k’,k)q }cp + h.c. , (4.5)a d rt
where k.’ and k are the momenta of quark a and quark b 
respectively and 0 possibly involves Dirac matrices, as the 
relativistically covariant form. In general, other forms can 
be taken for the covariant expression, for example, forms
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in v o lv in g  th e  p io n  momentum. However, because  o f  th e  e n e rg y - 
momentum c o n se rv a tio n  assum ption  th e  momentum o f  th e  p io n  can 
be co n v e rted  to  quark  momenta. A lthough o n ly  a n o n - r e l a t i v i s t i c  
e f f e c t iv e  H am ilton ian  i s  f i n a l l y  re q u ire d  we c o n s id e r  c o v a r ia n t  
fo m s  because  we want to  e s t a b l i s h  charge  c o n ju g a tio n  p r o p e r t i e s .
Now we re p la c e  (q& 0 q^) by a nonet m a tr ix  and cp^
by th e  u s u a l  o c t e t  m a tr ix  . We d e f in e  ch arg e  c o n ju g a tio n
p a r i t i e s  by
and
(^.6)
(M)
Then we can show t h a t
v H = + 1 (4 . 8)
d rf o r  any A^ w hich su rv iv e s  in  th e  n o n - r e l a t i v i s t i c  l i m i t .
P ro o f :
Under charge  c o n ju g a tio n  th e  momenta tra n s fo rm  as
k -----> - k* , k '  -----> - k (4 .9 )
an d , h e n c e , because  o f th e  assum ption  o f no r e c o i l
(k* - k ~ 0)
k — — > - k , k '  — -— > - k* . (4 .10)
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By c o n s id e r in g  th e  s t r u c tu r e  o f th e  0 ( k ' , k )  which y ie ld  a
cin o n -ze ro  in  th e  n o n - r e l a t i v i s t i c  l i m i t  we see  t h a t
eq . (4 .10 ) in s u re s  t h a t  C = + 1 . I f  we c o n s id e r  a s c a la r -  
p o t e n t i a l  model (s e e , fo r  exam ple, Van Royen and W eisskopf [19^7])  
in  which th e  quarks can be d e s c r ib e d  as  a lm o st f r e e  s t a t e s  w ith  
e f f e c t iv e  m asses M ^  t h i s  can be seen  in  la n o th e r  way: th e
f r e e  e q u a tio n s  f o r  th e  quarks and meson can be used to  c o n v e rt 
th e  momenta in to  m asses th u s  making 0 ( k ' , k )  a  s c a l a r  c o n s ta n t
so t h a t  C  = + 1 .H
The most g e n e ra l  form  fo r  th e  o c t e t  p a r t  o f  . H i s  
\ I (8) = ia ,A 2M? + ia  A^ M2 + ia  (A)M2 + h . c .  ( 4 . 1 l )
1 * m 3 ;2 3 ffi 3 3
where (A) = t r a c e  A and th e  a a re  c o n s ta n ts .  By im posing 
C P -in v a rian ce  and symmetry u nder 2 <— > 3 exchange we g e t
(8) = ia{A2M  ^ - A^ M2 } + h . c .  (4 .12 )
f o r  th e  o c te t  p a r t  o f  th e  s in g le -q u a rk  e f f e c t iv e  H am ilto n ian .
In  te rm s o f  quark  f i e l d s ,  th e  n o n - r e l a t i v i s t i c  form  o f  th e  p a r t  o f 
} |  (8) w hich i s  r e le v a n t  in  hyperon  decays i s
3 ^ ( 8 )  = i a { - p \ o*+ + n/ J  no \ / ° }  • (4 .13 )
We can show t h a t  th e  27 p a r t  o f  th e  s in g le -q u a rk  
e f f e c t iv e  H am ilton ian  i s  z e ro . The most g e n e ra l  form o f th e  27
e f f e c t iv e  H am ilton ian  i s  (see  de Sw art [1983] f o r  th e  c o n s tru c t io n  
o f  a 27  t e n s o r ) .
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>1,(27) = !^a[V! - (a£ $  + AjVj}] + h.c. (4.14)
where the suffix (ij) means a symmetrization over the indices
1 and j . By imposing CP-invariance and symmetry under
2 <— > 3 exchange we get
.^(27) = 0 . (4.15)
To calculate the matrix elements of the effective
Hamiltonian iL (8) we use eq. (4.3) and SU baryon states 
' 6
of the type given by Van Royen and Weisskopf [1967]* Here
we simply absorb factors that are the same for each hyperon
decay mode, for example, factors arising from integration over the
space parts of the wave functions, into the a which appears in
»  (8) of eq. (4.13).
1
The matrix elements of J=>| (8) are listed in table 7 •
We see that the single-quark transition leads to the |AT | = -J 
and Lee-Sugawara sum rules given in eq. (1.17) to (l .20) and 
to Z* = 0 . Table 7 also contains the s-wave amplitudes 
(up to a constant factor, see table 2) obtained in chapter 2 by 
the CA-PCAC method. As mentioned in chapter 2, a very good fit to 
the experimental amplitudes given in table 1 can be obtained with 
b ^0 and ~ j , that is, with F dominance. Table 7 shows 
that the amplitudes due to the single-quark transition have a 
structure similar to the F portion of the CA-PCAC amplitudes.
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T able 7* Quark model s-wave am p litu d es
!
decay
s i n g l e - 
q u a rk ■ K 
t r a n s i t i o n
tw o-quark  t r a n s i t i o n CA-PCAC 
am p litu d es  
from  ta b le  2
■ - -- ■ ---1
8 27
A°
i
4  a / | ( b i -^b 2 +3ci ) 5 >/6(b +c )5 3 3
t
/ l ( - D - 5 F - b )
o>
o
- i  n/~3 a \ ß  (b1 +2b2 +3c1) - ^ 3 ( b 3+c3 ) ^ /l_ (-D -3 F -b )
< 0 0 2 (b3 +c3 ) ' I *
| £+0 - nT^ a - ‘/ i ( - b i -^b 2 +5ci -4 c2 ) 1  t»,-*c8 ) -  ^ ( D - F - |b )
e " a “b l +2b2 +5°T”^C2 D-F+b
i - \/^  a 2 - / |( 2 t> 2 +4C l-2 c 2 J 1 / 6 ( b 3« 3 ) -  >A(D-3F+b)o
; o
L . - - - - -
- 5 ^ 3  a - i / 3 ( 2 b 2 +4ci -e c 2 ) - '% ■  (D-3F+b)
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Therefore, reasonable agreement with the experimental amplitudes 
can be expected^ for a suitable choice of a .
Thus, the single-quark transition in this model gives almost 
all the desired results for the s-wave decays although we started 
from the current x current, V-A primary Hamiltonian which has a 
I AI I = I component. These results were obtained previously 
by Chan [19^6] but not on the basis of dynamical assumptions; the 
|Ai| = -J- rule was simply assumed at the quark level.
Two-quark transition
As mentioned in section 3 of chapter 1, multi-quark transitions 
must be important in a description of hyperon decays based on a 
non-relativistic bound-state quark model of baryons because only 
such transitions can lead to it+ emission. In order to understand 
the details of such transitions we would have to have some 
knowledge about the inter-quark carrier of charge and momentum.
Note that in nuclear physics the contribution to the amplitude 
due to meson exchange in, for example, beta decay is usually
For D = 0 and b = 0 we get S(A°) = 3*37 X 10”7 
S(Z") = 2.77 x TO"7 and S(H~) = - 3-37 X 1 O'7 when S(A°) 
is normalized to the experimental amplitude (compare to table 1 
on page 6).
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expected to be less than 1 Qfjo of the contribution due to a 
single-particle transition (see Fujita et al [1958])* Therefore, 
it would appear to be unrealistic to simply assume that the 
two-quark transitions are due to the exchange of existing mesons. 
Instead, we will treat the two-quark transition in a general 
manner based on the symmetry arguments and assumptions on baryon 
structure introduced in section 2.
The possible non-relativistic forms of the two-quark effective 
Hamiltonians are restricted to
M 2 = {^(q^lb)(q^d) + c(q^qb).(q^aqd)}cpn + h.c. (4.l6)
because of the assumption that all the quarks are in S-states.
To study the CP properties of this effective Hamiltonian we must 
again consider the CP properties of all the covariant forms that 
have the form of eq. (4.16 ) in the non-relativistic limit. We 
write these covariant Hamiltonians as
^ 2  = +h*c* (^ -17)
= A^ A'd -fc h.c. (4.18)
where A and A ’ are nonet matrices, M is the meson octet 
matrix, and k^' is the momentum of quark a , etc. (see figure 6). 
We have again converted the momentum of the pion field into 
quark momenta.
-  12 2 -
q G O  q (kf)M a - 1 2
Figure 6. A diagram of a two-quark transition.
-  123  -
We d e f in e  ch arg e  c o n ju g a tio n  p a r i t i e s  o f A , A* and M 
as in  e q . (4 .6 )  and t h a t  o f  th e  e f f e c t iv e  H am ilton ian  by
* b  A ' d  Mf
e Ab A,d t /H a  c e (4.19)
Then we can  prove th a t
(4 .2 0 )
f o r  any A and A' w hich y ie ld  a n o n -zero  H am ilton ian  in  th e  
n o n - r e l a t i v i s t i c  l i m i t .
P r o o f :
The s ta te m e n t i s  obvious when 0 and Q in v o lv e  no momenta. 
Next c o n s id e r  th e  g e n e ra l  ca se  where 0 and Q in v o lv e  th e  
four-m om enta o f  th e  q u a rk s . Under charge  c o n ju g a tio n  th e  
momenta tr a n s fo rm  a g a in  as
^  —— > - k. , k ’ —2— > - k j (4.21)
b ecau se  o f  th e  assu m p tio n  o f no r e c o i l  (see  e q . ( 4 .1 0 ) ) .  Then 
i t  i s  s u f f i c i e n t  to  c o n s id e r  th e  fo llo w in g  c a s e s :
(1 ) The momenta and k^ a re  in v o lv ed  o n ly  in  in v a r i a n t  form
f a c t o r s .  O bv iously  C  = + 1 becau se  o f  eq . (4 .2 1 ) .
n
(2) Both 0 and Q in v o lv e  o n ly  k^ and k^ . A gain 
£*„ as + 1 b eca u se  o f  eq . (4 .2 1 ) .
n
(3 ) 0 and Q in v o lv e  b o th  th e  D irac  m a tr ic e s  and th e  momenta 
k^ and k^ . T here a re  on ly  two p o s s ib le  com binations t h a t  have
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the form of eq. (4.16) in the non-relativistic limit:
0 . Q = k . r and
(forms obtained by exchanging 0 and Q and k and k' 
follow the same argument). Both of these forms result in
Furthermore, we can put A = A' in eq. (4.18) because 
we are interested in only the non-relativistic form as given in 
eq. (4.16). This is always correct for a contact effective 
interaction. For the case of a non-local effective interaction 
this is correct when the quark system involves no superposition 
of states with different space parity; this condition is 
satisfied in this model.
We now construct the octet part of the two-quark effective 
Hamiltonian. By using CP-invariance and symmetry under 
2 <— > 3 exchange we get
which is understood to be followed by terms with the same unitary 
spin tensor structure but with spin structure corresponding to 
the second term in eq. (4.16). In terms of quark fields, the 
part of this effective Hamiltonian which is relevant in hyperon
C  = + 1 . This completes the proof.
decays is
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■>la (8) = i t ,  [ J i i  (pX } X po} + (noXo ) (nono } + (XX } (nX } 5"°
-  { ( pX ^ P qV  + (“X H pX )  + ( > X J  (pX )  )*+ )o o o o o o "o o
+ ib2t ^ X  + Vo+ xX)(nX)Ä° 
- XPo + nX + xX)(pX)n+]
f ,  +  +  - k  -
+ {b — > c  ^ j q q — > q a q}
+ iK  — > co > q+q — > q+ o q} . (4 .2 4 )
The m a tr ix  e lem en ts  o f 2 (8) a r e  l i s t e d  in  t a b le  7*
These am p litu d es  s a t i s f y  th e  |a t | = J  and Lee-Sugawara sum r u l e s ,  
eq . (1 .1 7 ) to  (1 .2 0 ) ,  w ith  £* = 0 . Note t h a t  th e  same am p litu d es
can  be o b ta in e d  by making th e  s u b s t i tu t io n s
D — > -  | ( b 1 -  Cl + 2cs )
F — > -  £(b , + 4b2 + 7c 1 - 2 c2 )
b — > 0
(4 .2 5 )
(4 .26 )
(4 .2 7 )
in  th e  CA-PCAC r e s u l t s  t h a t  a re  a ls o  l i s t e d  in  t a b l e  7* 
By a s im i la r  c a l c u la t io n  we g e t th e  27 p a r t  o f  th e  
tw o-quark  e f f e c t iv e  H am ilton ian  to  be
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>Us7) = iVit^SXk) +A(X ]^ ) -AfXrfV
- {A{aAa)lf, + a ! Y V ,  + A {aAa)rf\ + AfaAa,lf, *• (2 m 3 ) (3 m 2) (3 m  3) (2 m 2)
. (2 Am  .,3) A) A xM ' 
(2 2) m
m (3ftm 
A (3A3)V ? ] - A (3A > 3) m  (2 3) m - A l2Am >M^)](3 2 ) m 1 
(4.28)
which is again understood to be followed by a term which corresponds 
to the second term in eq. (4.l6). Written in terms of quark 
fields, the part which is relevant in hyperon decays is
t)
ib3 !Wi{2 • P^ P„ + P*X„.n*p„) - (n*\„-n*n„ + )«o o 00 o o 00 00 00 00 00
+ {3(n+X .p+n + p+x .n+n ) - 4p+\ .p+p + p+X )jc+ ^ o o *0 o 0 0  0 0  0 0  *cro ^0 0 o o J
- 5{n+X .n/p }it"]  ^o o 0 oJ J
+ {b — > c ; q+q — > q* a q} . (4.29)
The matrix elements of (27) are given in table 7* The 
amplitudes due to H  (27) satisfy the following sum rules:
•J~2. A + A = 0 ,0 (4.30)
E + “J q  E = - E , (4.30
- n/2 + H“ = 0 ,0 (4.32)
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2E* + A° = A  £+ + n/| Z+ . (4.33)
Again we have the Ja I | = 2 sum rules for A and E decays; 
if the right hand side of eq. (4.31) were + £* we would have the 
IAl| = sum rule for Z decays (compare these sum rules to 
eq. (1.17) to (1.20)). These are exactly the sum rules of 
eq. (2.93) to (2 .96) obtained by the CA-PCAC method.
Table 7 shows that the total s-wave amplitudes arising from 
the single- and two-quark transitions can be obtained from the 
CA-PCAC amplitudes by making the substitutions
D — > - 1 (b - c + 2c ) 2 ' i i 2 (4.34)
F — > - a - |-(bi + 4b2 + 7ct - 2c2) , (4.35)
b — > - |(b3 + c3) . (4.36)
The total amplitudes satisfy the sum rules of eq. (4.30) to (4.33) 
Deviations from the |Al| = 2 and Lee-Sugawara sum rules, 
eq. (1.17) to (1.20), are given by a common combination of bQ 
and c3 :
AE = E~ + E+ - E* = -4(b + c ) , (4.37)“ O + 3 3
A(L - S) = 2E‘ + A° - n/3 E+ = S  (b + c ) (4.38)- - o 3 3
Therefore, a necessary and sufficient condition for obtaining 
the I AI I = ^ and Lee-Sugawara sum rules is
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b3 + c3 = 0 j (4.39)
this is also the condition for getting Z* = 0 .
It is interesting to note that eq. (4.39) means that a 
(vector or scalar)-(axial-vector or tensor) form for the quark 
part of the two-quark effective interaction yields the desired 
results although the original primary Hamiltonian involves a 27 
component. We can easily show why the contribution from the 27 
component is suppressed when the condition given in eq. (4.39) is 
satisfied. First we note that when b3 + c3 = 0 the quark part 
of 3°l (27) of eq. (4.29) has the spin structure
(v V  • (qc V  - • (<4  • (4-4o)
The contribution from an effective Hamiltonian with such a spin 
structure is. non-zero only if the quarks b and d in the 
initial baryon are in a spin-singlet state. Since the SU6 
spin-unitary spin baryon states (see Van Royen and Weisskopf [19^73) 
are symmetric under the exchange of any two quarks, this means 
that the contribution is non-zero only if the quarks b and d 
are in an antisymmetric unitary spin state. However, a 27 
transition cannot occur for such a configuration because (27) 
is symmetric under the exchange of the fields of the quarks b and 
d (see eq. (4.29)). Note that this also means that if 
b + c 0 contributions to the amplitudes due to (27)
sJ O  c
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come from only spin-triplet two-quark configurations in the 
baryons. Federman et al [19663 have pointed out a similar 
situation for the case of mass splitting due to a symmetry- 
breaking interaction.
The total amplitudes due to the single- and two-quark 
transitions can be obtained from the CA-PCAC amplitudes by 
making the substitutions shown in eq. (4.34) to (4.36). As 
mentioned earlier, a very good fit to the experimental amplitudes 
can be made with b = 0 and ^ = - j . If we attempt to reproduce 
these values by setting
b + c = 0 (4.4l)
as suggested by the condition (4.39) we get ci - C2 = ga .
Then if we define D and F with m = 1 and 2 correspondingm m
to the contribution to D and F from the single- and two-quark 
transition respectively, we have
i. ü2 ) TTl - i , 0 , (4.42)
which provide a rough measure of the contribution of the . 
two-quark transition. This suggests that the contribution of 
the two-quark transition to the s-wave amplitudes is substantial.
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5 . R e la tio n  betw een th e  quark  model and CA-PCAC methods
In  th e  p rev io u s  th r e e  s e c t io n s  we have o b ta in e d  sum r u le s  
f o r  th e  s-wave am p litu d es  o f  n o n - le p to n ic  hyperon  decays t h a t  
a re  c o n s is te n t  w ith  ex p erim en t by u s in g  a  n o n - r e l a t i v i s t i c  bound- 
s t a t e  quark  model o f b a ry o n s . M oreover, th e s e  sum r u le s  a re  
e x a c t ly  th e  same as  th e  sum r u le s  o b ta in e d  by th e  CA-PCAC method 
a lth o u g h  we have n o t r e s o r te d  to  e i t h e r  c u r r e n t  a lg e b ra  o r  th e  
PCAC h y p o th e s is .  In  t h i s  s e c t io n  we show why we g e t  th e  same 
sum r u le s  when we n e g le c t  th e  th re e -q u a rk  t r a n s i t i o n  and b r i e f l y  
d is c u s s  th e  th re e -q u a rk  t r a n s i t i o n .
We d e f in e  to  be is o s p in  g e n e ra to rs  and ta k e
t Ad>Vb l = 5ad K -  he Ad
as th e  e q u a l- tim e  com m utation r e l a t i o n s  betw een th e  is o s p in
c
g e n e ra to rs  and th e  b i l i n e a r  q u a n t i t i e s  o f quark  f i e l d s  A^ 
t h a t  ap p ea r in  th e  p rev io u s  s e c t io n s .  Now we w r i te  th e  sum o f  th e  
s in g le -  and tw o-quark  e f f e c t iv e  H am ilton ians which ap p ea r in  
eq . (4 .3 )  as
H  + h 2 = ;p(' V  + ;h (+)*- + O ( k . k k )
h (a) = X ( a , (8) +>j(a,(8) + X (a) (27) •.J t2
(a)The e x p l i c i t  forms o f  ]c-|v can be o b ta in e d  from  eq . (4 .1 3 ) ,
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(4 .24) and (4 .2 9 ). Then by u s in g  th e  equ a l-tim e  commutation 
r e la t io n s  (4.43) i t  i s  easy  to  show th a t
where
t X ( o ) , v ( - ) ] = ^  ;H ( - } . (4.1*6)
C > h(o) , v (+ )] = Si ;h {+) , (4 .47)
[y °V o)] = / i  ^  , . (4 .48)
= v ’ , V(+) =  V2 , =  « / | (v1 - V2 ) .
The form of i s  given by th e  sum of
> 7 °  ^  (8) = ia  -J} A| ,
> ^ o) (8) = ib , -/£  a“a2 + ib 2 -Ji(A)A§ ,
n i 0) (27) = ib„  ^ ^ [ 4 a [ V ]  - ( A ^ l  + A ^
3 1 O a )  T  A ( 3 A 3 )
(4.49)
(4.50)
(4.51)
(4.52)
S ince th e  r ig h t  hand s id e s  o f eq . (4 .50) and (4 .51) have an 
o c te t  s t ru c tu re  and th e  r ig h t  hand s id e  o f eq. (4 .52) has a 27 
s t r u c tu r e ,  has th e  same tra n s fo rm a tio n  p ro p e r tie s  under
SU3 as th e  o r ig in a l  prim ary H am iltonian given in  eq. (4 .1 ) . 
T h e re fo re , our method of c a lc u la t io n  in  th e  quark model p r a c t ic a l ly  
co in c id es  w ith  th e  c a lc u la t io n  o f  th e  eq u a l-tim e  commutator term  
in  th e  CA-PCAC method (see s e c t io n  5 o f c h ap te r  2 , e s p e c ia l ly  
eq. (2 . 89) ) ;  t h a t  i s ,  we can tak e
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However, it should he noted that, in contrast to the CA-PCAC 
method, is not the original current x current, V-A primary
Hamiltonian although it has the same SU3 transformation properties.
In order to show to what extent this quark model method goes 
on parallel to the CA-PCAC method we briefly discuss the 
three-quark transition (figure 5c). We can demonstrate that the 
parallelism is broken by this transition. To do this we consider 
the possible three-quark effective Hamiltonian
Then by using CP-invariance and symmetry under 2 <— > 3 exchange
(5.5*0
and we assume that the charge conjugation parity is C,. = + 1 .ri
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-f" 4*where A and D have the structures q q and q a q respectively. 
However, ^  obtained from these terms does not satisfy the
commutation relations of the form of eq. (4.46) to (4.48). Therefore, 
the parallelism with the CA-PCAC method is broken by the three- 
quark transition. Moreover.» ,H3 (8) can cause the decay £* and 
H 3 (27) does not give the |AI | = \ sum rules for A and H 
decays. In fact, it can be shown that the three-quark transition 
yields no sum rules other than those that can be obtained by using 
only SU3 symmetry.
6. Discussion and conclusion
S-wave non-leptonic hyperon decays via the current x current,
V-A primary interaction were studied in a non-relativistic bound- 
state quark model of baryons in which pion emission can be 
accompanied by single-, two- and three-quark transitions. Effective 
Hamiltonians were constructed on the basis of symmetry arguments 
and dynamical assumptions about baryon structure and the matrix 
elements of the single- and two-quark effective Hamiltonians were 
calculated for baryon states belonging to the 56 representation 
of SU6
It was found that the single-quark effective Hamiltonian 
involves no 27 tensor of SU^ and leads to the |a T | =r J and 
Lee-Sugawara sum rules and to £* = 0 . Essentially the same
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results have been obtained (Altarelli et al [19^51 ) by using SU6 
symmetry and assigning the weak Hamiltonian to the 35 representation. 
Also, the amplitudes due to the single-quark transition have 
the same form as the F part of the amplitudes obtained from the 
equal-time cor mutator term in the CA-PCAC method. A reasonable 
fit to the experimental s-wave amplitudes can be obtained from 
the contribution due to the single-quark transition.
It was shown that the octet part of the two-quark effective 
Hamiltonian also yields the |Al| = y and Lee-Sugawara sum rules 
and E* = 0 . The 27 component of the two-quark effective 
Hamiltonian gives exactly the same sum rules as those obtained by 
the CA-PCAC method. The contribution to the amplitudes from the 
two-quark transition can bring the amplitudes due to the single­
quark transition into complete agreement with the experimental 
amplitudes provided that the 2J_ component of the two-quark - 
transition is suppressed. A necessary and sufficient condition for 
this suppression, namely, that the quark part of the 27 component 
of the two-quark effective Hamiltonian should have a (vector or 
scalar) - (axial-vector or tensor) structure, was found. Taking 
into account that a similar condition has been pointed out for the 
symmetry-breaking interaction (Federman et al [1966]) in the quark 
model, this condition might suggest the existence of inter-quark 
carriers of charge and energy-momentum of a scalar or vector and an 
axial-vector or tensor character resulting in potentials having a
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universal strength.
The three-quark transition leads to no sum rules other than 
those that can be obtained by using SU3 symmetry only. Since good 
agreement with the experimental amplitudes can be obtained from 
the amplitudes due to the single- and two-quark transitions, this 
may indicate that there are no substantial three-quark forces in 
the baryon bound state.
In so far as the three-quark transition is neglected this 
quark model calculation yields exactly the same sum rules as those 
obtained from the equal-time commutator term in the CA-PCAC method.
An illustrative argument was given to show why this occurs.
However, since neither current algebra nor the PCAC hypothesis 
was used in the quark model calculation the similarity of the 
results must be considered to be ’accidental* unless the 
relationship between the two methods can be clarified on dynamical 
grounds.
In appendix 2 the single- and two-particle transitions in a 
three-triplet and a quartet model of baryons are briefly examined. 
These models give essentially the same results as the quark model. 
However, the quartet model differs from the other two in that the 
two-particle transition must be present to yield any reasonable 
agreement with the experimental amplitudes. This can be seen by 
comparing the single-particle transition amplitudes in table 8 (page 
149) with the CA-PCAC amplitudes in table 7 (page 119): the single
particle transition yields amplitudes with the same form as the D 
part of the CA-PCAC results.
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In this quark model calculation of s-waves non-leptonic 
hyperon decays neither current algebra nor the PCAC hypothesis 
was used. Quark models have also been used in conjunction with 
the CA-PCAC method. In such calculations the equal-time 
commutator term is first expressed in terms of the baryon-baryon 
weak transition (p|HN^|a) > as was done in chapter 2, and then this 
weak transition is studied in terms of quark transitions. Copley 
[1967] has investigated the quark-quark transition and Nakagawa and 
Trofimenkoff [1967] have considered both the quark-quark and 
two quark-two quark transitions. From the discussion of the 
relation between the CA-PCAC and the quark model methods given 
in section 5 (especially eq. (4.50) to (4.53) and the discussion 
between these equations) it is easy to see that, so far as 
single- and two-quark transitions are concerned, such calculations 
should give essentially the same results as obtained in this chapter.
In addition to the s-wave non-leptonic hyperon decays 
considered here there are two other types of decays that can be 
studied in similar quark models : K — > 2jt and q — > + « •
Badier [1967] bas already considered the single-quark transition 
in K — > 2jt decays and has obtained the |a ! | = i sum rule 
for K° — > 2rt decays and the result that K+ — > it+ + jt° is 
forbidden. Furthermore, he has related the K — > 2 -n decays to 
the s-wave non-leptonic hyperon decays. On the other hand, Copley 
[1967] has considered the quark-quark transition in conjunction
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with the CA-PCAC method (as described in the previous paragraph) 
for both K — > and — > £* + * decays and has obtained
the |a I| = i sum rules for both types of decays and the result
•|> Qthat K — > jr + n  is forbidden. He has also managed to relate 
the K — > and Q, — > ^  + it decays to the s-wave non-leptonic
hyperon decays. It would be interesting to consider two-quark 
transitions in both types of quark model calculations in order to 
see their effect in the decay K+ — > jt+ + jt° •
Another reason for studying K — > 2jt decays by both types 
of quark model calculations is that there is a similarity between 
mass splitting in the baryon octet and the s-wave non-leptonic 
hyperon decay amplitudes and it would be interesting to see if such 
a similarity is also present between mass splitting in the meson 
octet and the K — > 2Jt decays. This similarity, pointed out by 
Hara et al [19^6], is the following: When the symmetry-breaking
operator is taken to have an octet and a 27 component (see de Swart 
[1 9 6 3]) the mass splitting between members of an octet can be 
expressed in terms of two reduced matrix elements d and f 
of the octet operator and a reduced matrix element t»’ of the 
27 operator. The mass splitting of the octet baryons can be
m  1reproduced with —  = - j and small V  • The equal-time 
commutator term in the CA-PCAC method can be expressed in terms 
of three parameters D , F and b (see section 6 of chapter 2) 
and, as stated in chapter 2, the experimental s-wave amplitudes
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can be f i t t e d  w ith  ~  and sm a ll b . T his i l l u s t r a t e s  th eF 3
s i m i l a r i t y .  Because o f th e  co rresp o n d en ce  o f th e  r e s u l t s  
o b ta in e d  by th e  CA-PCAC method and th e  quark  model method u sed  
in  t h i s  c h a p te r  t h i s  s i m i l a r i t y  ex ten d s to  th e  quark  model 
c a l c u la t io n .  An in v e s t ig a t io n  o f  meson mass s p l i t t i n g  and 
K — > decays shou ld  r e v e a l  w hether t h i s  s i m i l a r i t y  i s
‘a c c id e n t a l1 o r  more ex tensive"^ .
■f At f i r s t  g la n ce  i t  seems t h a t  such a s i m i l a r i t y  f o r  mesons 
may be p la u s ib le .  To see  t h i s  c o n s id e r  th e  q u a r te t  model 
r e s u l t s  g iv en  in  ta b le  8 o f append ix  2 .  The s in g le -  and tw o- 
p a r t i c l e  t r a n s i t i o n s  o f th e  ty p e  r e le v a n t  in  meson decays y ie ld  
th e  p o r t io n s  o f  th e  am p litu d es  w hich in v o lv e  th e  p a ram e te rs  a  , 
The form  o f th e s e  p o r t io n s  o f  th e  a m p litu d es  i s  
th e  same as  th e  D and b p a r t s  o f th e  a m p litu d es  o b ta in e d  by 
th e  CA-PCAC method (see  t a b l e  7)* The p a ram e te rs  d e s c r ib in g  
mass s p l i t t i n g  in  th e  meson o c t e t  a l s o  have on ly  a  d and b '  
p a r t  (see de Sw art [196 3 ]; d , f  and b '  , ex ce p t f o r
b and b 
2 3
c o n s ta n t  f a c t o r s ,  co rresp o n d  to  h is  a 
r e s p e c t i v e l y ) .
® i 9
and a.
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Appendix 1 (appendix to chapter 3)
CALCULATIONAL DETAIIS FOR CHAPTER 3
1. Absorptive parts A^ in terms of the amplitudes Th
Using the partial-wave decomposition given in section 3 
of chapter 3> we can rewrite the results given in eq. (3*6l) 
and (3*62) in terms of the A^ and Th of eq. (3.6o).
As a general form we get
(A! .1)
For i = 1 we have
= [ - (W + Mg)]t-Ti(-t) + (W - Mg)T3 (•£.)]
[-(W + (l + 1) + (W + Mg)T3 a  + 1)] ,
(AT .2)
X,(a) = [-(W + + (W - M )T3 (t)]
(VVLVV Ta a [-(W + M9)][T (l - 1) + (W + Mg)T3 U  - 1)] ,
(A1 .3)vyw
- i4o -
(3)
(E3+M6) (Ea+Ma)
V V « V V
i
[w - m3h-ti a) + (w - m )Taa)i
+ [ (w - MgrtT, (l - 1) + (W + M3)T3(-t - D] , (A1 .4)
(4)
w v ?
[ (w - MJ n - ^ C t )  + (W - M )T3 U)]
+ [ (w - Mp) ] [T, (l + 1) + (W + Mß)T3 (-l + 1)] , (A1.5)
where
Tj-t) = i [  dVT.P^ X.) (A1 .6)
and A = cos9 where 6 is the angle between k and q . 
The remaining can be obtained from eq. (AT.2) to (A1.5)
as follows:
X3 : Remove the factors [-(W + M_)] and [(W - M_)] .P 9
Make the replacements T — > T
E - Mq a
E + Mq q
->
E + Mq q
E - Mq q
- > t 4 , and
Make the replacements T — > T , T — > T and
1 2 3 4
E - M_a____q
E + Mq q
E + M
-> =--- —  and remove the factorsJli * Mq q
C-(W + Mp)] and [(W - M )] .
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2 . A ^ S j t  = O) used  to  o b ta in  th e  d is p e r s io n  in t e g r a l s  (3«78) 
and (3 .79 )
U sing  th e  ap p ro x im atio n s  made in  p a r ts  4 .2  and 4 .3  o f 
c h a p te r  3> we g e t th e  fo llo w in g  e x p re s s io n s  f o r  th e  a b s o rp tiv e  
p a r t s  from  eq . (A1.1) to  (A1.5 ) :
A = —  [ (W + MA)s in 6  + (W - M ) s in 5  ]Ti (AT.7)1 dvi p 0+ p 1 “
A3 = §W t* Sln60+ + (A1‘8)
A2 = §W [(w + Mj ) s in 6 o+ + (w '  V s in 8 , J T 2
+ Iw C[' (w2 '  ^ ,S ln 5 0+ + (w£ " ^ ) s in 8 1J f 4 ,0
W+M W-M
+ [ - Ong (W2- ^ )sln6o+ + w 5£ - «$>■!**, J * 4>,
W-M
+ * ^ sin&1+ - (W" - t^ )sin51U 54 ,1
W+M
+ [-3  rr-rr“ (W2 ~ M^)sin& -  (W2 -  M ?)sin5 ]T }W-M ß '  1+ {3 i + J 4.2J
a  ( A 1 . 9 )
- ite -
A4 = k  t_Sin80+ + Sin5l-^2
+ gü {[(W - Mß)sin6o+ + (W + Mß)sin5l J T 4j0 
W+M W-M ,
+ [vwg (w - V sin5o+ + Wsr (w + V sinv ]v
VJ-M
+ [3(w - Mß)sin51+ - ÜM(w + M6)sin61+]T4,!a
W+M
+ [5 v w T  (W - Mß)sin5i+ - (Jf + Mß)SinBi+]T4j2} .
“ (AT .10)
3. Approximation for T 4 ^
T 4 is defined in eq. (3*75) as
T^(pa) =
7
g fc
i S - M2P
(AT -11)
The projection indicated in eq. (A1.6) yields expressions of the- 
form
fc
p ^ q
W2- M2 
P
* + « Y
W2 -
(A1.12)
where is a Legendre function of the second kind, for the
second term in eq. (Al.ll). A Taylor series expansion of
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2W2
W2 - ivp a
w2 +  M2  \
* i )
(Ai .13)
ab o u t W = th e n  y ie ld s  th e  ap p ro x im atio n s  g iv e n  in  eq . (3 .80 ) 
to  (3*02) o f  c h a p te r  3* These ap p ro x im atio n s  a re  q u i te  good; f o r  
exam ple, f o r  M = 1000 and W = 2000 th e  l a r g e s t  e r r o r  occu rs  
in  eq . (3 *82 ) and is  o n ly  ab o u t 25$ .
4 . I s o s p in  d ecom position
The on ly  re so n an ces  t h a t  we r e t a i n  in  s e c t io n  6 o f  c h a p te r
3 a re  N(1550) , N’ (l 710) and N’ O ^ O )  w ith  I  = |  ,
A(l64o) w ith  I  = - , and A(1^05) w ith  1 = 0 .  F u rth erm o re ,
2
c
s in c e  we have assumed o c t e t  dominance f o r  th e  f  , o n ly  
I AC I = 4  weak am p litu d es  a re  in v o lv e d . F o llo w in g  th e  s ta n d a rd  
method ( fo r  exam ple, see  N ish ijim a  [ 1983])  we o b ta in  th e  fo llo w in g  
d eco m p o sitio n :
decay is o s p in  deco m p o sitio n
' tJO > - 3<) ' (K + K l
( I )
(i) ( o )
Rro {- K 2 O  i J ' / i O
C  to ' <K+
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The q u a n t i t i e s  in  th e  c u r ly  b ra c k e ts  { } d en o te  th e  modes 
whose weak am p litu d e  sho u ld  be used  in  th e  a b s o rp tiv e  p a r t s  o f 
th e  am p litu d es  and th e  w eigh t t h a t  sh o u ld  be a t ta c h e d  to  each 
mode when a reso n an ce  in  jt + y — > n + y s c a t t e r in g
w ith  is o s p in  I  i s  c o n s id e re d .
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Appendix 2 (appendix  to  c h a p te r  4)
S-WAVE DECAYS IN A THREE-TRIPLET AND A QUARTET MODEL
In  t h i s  append ix  we b r i e f l y  c o n s id e r  s-wave n o n - le p to n ic  
hyperon  decays in  a t h r e e - t r i p l e t  (Han and Nambu [ 1 9^5] ) and a 
q u a r te t  (Maki [1 9 6 4 ], Hara [1964]) m odel of' b a ry o n s . These 
models d i f f e r  from  th e  quark  model in  two main r e s p e c t s :
(1) N o n - in te g ra l charges  need no t be in tro d u c e d  as  must be 
done in  th e  quark  m odel. (2) A l l  th e  c o n s t i tu e n t  p a r t i c l e s  
can be in  th e  lo w es t energy  s t a t e s .  R e c a ll  t h a t  in  th e  quark  
model in  c h a p te r  4 we to o k  a l l  th e  quarks to  be in  S - s t a t e s  which 
means t h a t ,  i f  o rd in a ry  s t a t i s t i c s  a re  a p p l ie d ,  th e  quarks have 
to  h av e , s a y , d i f f e r e n t  p r in c i p a l  quantum num bers.
1 . T h r e e - t r i p l e t  model
Han and Nambu [ 1965] have p roposed  a model o f had rons 
w hich i s  b ased  on th r e e  fundam en ta l t r i p l e t s
t t f e ) ( t f e ) , t ( a ) f* (» ) )  and
t  (3 ) ( t  t ^ , t ^ ) . We ta k e  (m,n) to  deno te  p n \  ’ an
m -d im ensional r e p r e s e n ta t io n  o f SU3 whose fundam enta l t r i p l e t  
i s  p ( t ^  ^ , t ^ , t ^ )  , n ( t  ^   ^ , t ^  , t  and X ( t ^ , t ^ , t | 3 ^)
and an  n -d im e n s io n a l r e p r e s e n ta t io n  o f  SU^ whose fundam enta l
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t r i p l e t  i s  t ^  , t ^  and t ^  . Then we assume t h a t  th e  
c u r r e n ts  from  which th e  n o n - le p to n ic  weak H am ilton ian  i s  
composed b e lo n g  to  th e  r e p r e s e n ta t io n  (8 ,1 )  and use  Han 
and Nambu's ass ignm en t o f (8 ,1 )  f o r  th e  baryons and m esons.
I t  i s  easy  to  see  t h a t  u nder th e  assum ptions made in  c h a p te r  4 
th e  c a l c u la t io n  o f th e  s-wave a m p litu d es  in  t h i s  model i s  v e ry  
s im i la r  to  th e  case  o f  th e  quark  model and t h a t  e s s e n t i a l l y  th e  
r e s u l t s  o f  eq . (4 .3 * 0 , ( 4 .3 5 ) ,  (4 .3 6 ) and (4 .4 2 ) a re  o b ta in ed *
2 . Q u a r te t  model
Maki [19^4] and Kara [1964] (a ls o  see  Gell-M ann [1964a] have 
proposed  a model based  on a fun d am en ta l t r i p l e t  t ( p o ,n o ,XQ) and 
a s i n g l e t  u in  w hich th e  o c t e t  baryons a re  composed o f  t t u  
and th e  o c t e t  mesons of t t  . For th e  c a l c u la t io n  o f  s-wave 
decays we assume a n o n - le p to n ic  H am ilton ian  o f  th e  form  g iv e n  
in  eq . (4 .1 )  w r i t t e n  in  te rm s o f  th e  t r i p l e t  f i e l d .
Under assum ptions s im i la r  to  th o se  made f o r  th e  q uark  model 
in  c h a p te r  4 ( th e  baryons s t a t e s  a re  s p e c i f i e d  in  eq . (A 2.6) b e lo w ), 
th e  e f f e c t iv e  H am ilton ian  f o r  th e  s i n g l e - p a r t i c l e  t r a n s i t i o n  i s
M ,  (8) = ia { -  A ^  + A2^  - d \ 2 + C2 ^ )  + h . c .  (A 2 .l)i f c 3 m m3  3 m m3-'
where An and Cn den o te  th e  n onet m a tr ic e s  ( t +t  ) and m m  ' n m
( t* t  ) r e s p e c t iv e ly ;  t  means th e  a n t i p a r t i c l e  f i e l d  o f  t
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and we have displayed explicitly the antiparticle transition.
As in the quark model the 2J part of is zero.
The two-particle transitions are of three different 
types: (a) tt — > ttjt , (b) tu — > turr and (c) tu — > tujt . 
Under assumptions similar to those made for the quark model the 
corresponding effective Hamiltonians are
>1 (8) = ib-, {AmC2Mn + A2CIV n - Amc V  - aV 1^  )2a ' v n m 3 n m 3 3 m n  n 3 m ^
f ib2((A)C^ + A*(C< - (A)C^ - a“(C)M2)3 m
+ h.c. (A2.2)
H 2a(27) ib. 1[Ma[2c’ V ,  + A(ac’V ,  - A,(aC?\Ml) - A“ c V i3 5 [3 m i) m (3 1) (i 3; m (i 3) m J
- { A ^ V ,  + A(2C2rV ,  - - A” C(2M2)
[3 m 2) m {3 2) (2 3) m (2 3) m
+ A,(2c3'>, + a(2C3)#. . --A” C ^ J ](3 m 3) m (3 3) (3 3) m (3 3) m JJ
+ h.c. (A2.3)
“H g :  (8) = ib U{- A^M2 + A2m “ } + h.c.r 2b 4  ^ 3 m  m 3 (A2.4)
H  ,(8) = ib U{- C^M2 + C2^ }  + h.c.
* * 2C s'- 3 m  m  3 1 (A2.5)
which are understood to be followed by spin-flip terms' with 
coefficients c^ corresponding to b^ . In eq. (A2.4) and (A2.5)
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U d en o tes  th e  b i l i n e a r  q u a n t i ty  u +u . There i s  no 27 
t r a n s i t i o n  fo r  i L , and \ i'2 b  2C
In  o rd e r  to  c a l c u la te  th e  m a tr ix  e lem en ts  o f  th e s e  e f f e c t iv e  
H am ilton ians we assume th e  baryon  s t a t e s  to  be
l+B> = 6 | ( t t ) s=0u> + $ | ( t t ) B=1u> , (A2.6)
w ith
Up + UP = 1 , (AS. 7)
where th e  s u b s c r ip t  s d en o tes  th e  s p in  o f th e  ( t t )  c o n f ig u ra t io n .  
The m a tr ix  e lem en ts  o f  th e  e f f e c t iv e  H am ilton ians (A2.1) to  
(A2.5) a re  summarized in  t a b le  8 where we have in tro d u c e d  th e  
n o ta t io n
x = 5Up - UP (A2-8)
y = UP - i ' / 3 (s*£ + t*t) (A2.9)
z =  UP + + ?*t) • (A2.10)
From th e s e  m a tr ix  e lem en ts  we see  t h a t ,  j u s t  as in  th e  quark  
model and CA-PCAC r e s u l t s ,  we have th e  |Al| = i sum r u le s  f o r
A and H decays and th e  sum r u le  £ + n/2 £+ = - £+ f o r  £- o +
d eca y s. These am p litu d es  can be o b ta in e d  from  th e  CA-PCAC 
am p litu d es  l i s t e d  in  t a b le  7 by making th e  fo llo w in g  s u b s t i t u t i o n s :
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Table 8. Quartet model s-wave amplitudes.
decay s in g le - p a r t i c le  
t r a n s i t i o n
tw o -p a r t ic le  t r a n s i t i o n
a
" ......  1
27
—
...........................................
f “
n/~1 a6 (b2 -xc2+2b4-4yc4-b542zc5)
•
'/6 (b 3 -xc3 )
A°o ■ H a - i  (b2 -xc2+2b4-4yc4-b5+2zc5 )
1
|  V"3(b3 -xc3 )
< 0 0 ~ 2 (b3-xc3 )
z *
i 0
i
i
r
a ' / i ( b 2 -xca +'bs -2zcs ) |  '/2 (b 3 -xc3 )
!
1 y -
I - (b2 -xc2-*b5-2zc5 ) | ^ 3 - XC3^
H- a6 ^  (b -xc -b .+2yc .+2b_-^zc_)6 ' 2 2 4  ^ 4 5 5' *§ ^ (bg -X C g)
,
i  _ Q A a2 3 i  ^ C t 2 -xc2 -b 4+2yc4+2b5-4 zc5) - | ' / 3 ( b 3 -xc3 )
-  150 -
D — > - a - i(2b2 - 2xc2 + b4 - 2yc4 + b5 -J2zc5) (A2.11 )
F — > - i(b4 - 2yc4 - b5++ 2zc5) (A2.12)
b — > (A2.13)
A good fit to the experimental amplitudes can be obtained
with b = 0 and0  5 _ I . Eq. (A2.ll), (A2.12) and (A2.1J)i 5
show that in order to fit the experimental amplitudes the terms 
involving b4 , c4 , b5 and c5 must give the dominant contribution. 
This means that the two-particle transitions involving the 
singlet particle u play an important role in s-wave decays.
Note that the single-particle contribution is of the form of 
D in the quartet model whereas it is of the form of F in the 
quark model (compare eq. (A2.ll) and (A2.12) with eq. (4.34) 
and (4.35)).
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